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Abstract 
This dissertation was written as a part of the MSc in Energy Systems at the In-
ternational Hellenic University.  
The dissertation studies the urban microclimate and outdoor thermal comfort 
conditions and defines the relationship between them. The study is carried out 
at two outdoor spaces of different characteristics situated in the Municipality of 
Kalamaria in the city of Thessaloniki, Greece. The two areas are of different 
characteristics. The City Hall Square is a concrete paved square with limited 
green and the old tobacco warehouses is an open green space with lots of 
trees. 
The climatic parameters in the two areas were monitored during the summer 
and the outdoor thermal comfort conditions that exist in these areas were eval-
uated through questionnaires in order to define the correlation between the ur-
ban microclimate and outdoor thermal comfort and to compare the findings. 
Further the research of this study concentrates on the influence of green areas 
as well as structure materials on the microclimate and the thermal comfort con-
ditions in the City Hall Square. A sensitivity analysis was conducted with the use 
of the ENVI-met simulation model in order to evaluate the parameters that influ-
ence thermal comfort and the influence green areas and surface materials have 
on the microclimate. Apart from the sensitivity analysis, other improvement 
measures are proposed. 
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1 Introduction 
1.1 Background 
Urbanisation is a phenomenon that developed during the Industrial Revolution 
and has been increasing ever since. Developed countries have a higher per-
centage of urbanised population than less developed ones. However, in recent 
years, the population of less developed countries has started to migrate from 
rural to urban areas causing a rapid increase in the urban population. According 
to the “World Urbanization Prospects-The 2009 Revision” report conducted by 
the United Nation, in mid 2009 the world population in urban areas exceeded 
the population in rural areas. It is estimated that by 2050 the world’s urban pop-
ulation is going to be 84% of the total population. This increase will arise mostly 
from developing countries, since the rate of urban population growth of devel-
oped countries is expected to drop.  
More specifically, in Europe the urbanisation process started around 1950 with 
51.3% of the European population urbanised. By 2009 this percentage was in-
creased to 72.5% and it is estimated that by 2050 it will reach 84.3% [1]. 
In Greece, the process started after the Second World War. Today 61.2% of the 
total population is settled in urban areas. By 2050 the percentage is projected to 
rise to 77.6% [1]. 
1.2 Problem definition 
Urban Heat Island 
The increase of population in urban areas caused by urbanisation increased the 
need for housing. In order to accommodate the rapidly increasing population, a 
large number of buildings needed to be constructed as well as the needed in-
frastructure leading to the growth of these areas under no specific urban plan. 
Single houses, trees and green spaces were occupying space that was needed 
for this purpose and so houses were replaced with multi-storey buildings and 
concrete and asphalt constructions replaced green spaces and trees. As a re-
 2 
sult the structure of urban areas became densely built, unfriendly to the envi-
ronment as well as to the dwellers. 
Apart from the urban structure and the lack of green spaces and trees, other 
factors of the urban area cause side effects as well. Factors such as anthropo-
genic heat and pollution that accumulate in urban areas and surface materials 
have a negative impact on the area as well. As a result the temperatures of ur-
ban areas are higher than those of the surrounding rural areas. This phenome-
non is called Urban Heat Island (UHI). 
Urban microclimate and thermal comfort  
The temperature is not the only parameter that is altered where the Urban Heat 
Island occurs. Other climatic parameters such as local wind patterns are modi-
fied, humidity increases and changes in the precipitation rate occur [2]. Thus, 
the local climate of the urban area, known as the urban microclimate, is influ-
enced.  
The microclimate is characterised by various climate variables. The basic varia-
bles are temperature, humidity, solar radiation, wind speed and pressure. Air 
pollution and its concentration in an urban environment is another variable that 
could be used to characterise the microclimate. Wind direction can also be used 
additionally to wind speed and temperature can be divided into surface temper-
ature and air temperature.  
Thermal comfort is defined as a situation in which a person feels satisfaction 
with the thermal environment and does not want to alter it in any way. Climatic 
variables that are used to define thermal comfort conditions are mainly air tem-
perature, humidity, wind speed and solar radiation but the influence of air pollu-
tion and wind direction could be combined in order to examine thermal comfort 
conditions. 
Hence, the urban microclimate and thermal comfort are linked and the micro-
climatic conditions could be considered as an indicator of thermal comfort. Both 
outdoor and indoor thermal comfort conditions are influenced by the microcli-
mate of an urban area. However, climatic parameters are not the only factors 
that influence thermal comfort. Physiological and psychological parameters in-
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fluence the comfort level of individuals as well as personal factors such as activ-
ity level and clothing.  
To evaluate thermal comfort conditions a range of thermal indices have been 
introduced. Depending on the index, the evaluation depends on climatic param-
eters or on multiple combinations of both climatic and physiological parameters. 
A number of thermal indices will be presented later in this study. 
It is important to be able to evaluate comfort conditions for outdoor spaces; not 
only to reduce energy consumption and to improve outdoor conditions for the 
urban population but also for health reasons since extreme climatic conditions 
can cause various health problems to sensitive groups of people. 
1.3 Aim of the thesis 
The aim of this study is to broaden the knowledge of the urban microclimate 
and outdoor thermal comfort and to define the relationship between them. The 
study is carried out at two outdoor spaces of different characteristics situated in 
the Municipality of Kalamaria in the city of Thessaloniki, an area with a typical 
Mediterranean climate with hot and dry summers. 
Additionally it aims to identify the effects the amount of green in outdoor spaces 
as well as the structure materials used have on the parameters that define the 
microclimate and the thermal comfort. 
The result of this study could be used as a guideline for the improvement of 
outdoor areas in the city of Thessaloniki as well as for similar areas in compa-
rable climates.  
1.4 Scope of the thesis 
The scope of this thesis is to monitor the climatic parameters in two areas of the 
Municipality of Kalamaria during the summer and to evaluate the outdoor ther-
mal comfort conditions that exist in these areas through questionnaires in order 
to define the correlation between the urban microclimate and outdoor thermal 
comfort and to compare the findings. The two areas are different in structure 
and surface materials, since one is a concrete paved square with almost non-
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existent shading, with only a few trees around its perimeter and the other area 
is an open green space with lots of trees which provide shading. The research 
of this study concentrates on the influence of green areas as well as structure 
materials on the microclimate and the thermal comfort conditions of an urban 
area.  
A sensitivity analysis will be conducted with the use of simulation tools in order 
to evaluate the parameters that influence thermal comfort and the influence 
green areas and surface materials have on the microclimate. What would hap-
pen if the concrete paved square was firstly paved with different materials, sec-
ondly had more green and thirdly both the above combined?  
Finally after the prevailing conditions have been evaluated and conclusions 
have been drawn from the simulation process, measures will be proposed in 
order to alter prevailing conditions and to improve the local microclimate and 
thus the outdoor thermal comfort. 
1.5 Structure of thesis 
This thesis is organized into eight chapters. Chapter one is the introductory 
chapter were the aim, the structure and the scope of this thesis are described 
along with a brief background and description of concepts that will be used in 
the thesis. It is important to understand concepts such as Urban Heat Island, 
urban microclimate, thermal comfort in order to understand the thesis subject. In 
chapter two, concepts briefly described in chapter one are more broadly ex-
plained. Chapter three is an analytical literature review of the subject. Studies 
that have been carried out for Urban Heat Island, urban microclimate and ther-
mal comfort, thermal comfort indices, urban green spaces and vegetation as 
well as structure materials and their influences on the urban microclimate are 
presented and commented on. In chapter four the urban area of Kalamaria and 
its climate are noted. Chapter five describes the sites that have been chosen for 
the purposes of this thesis along with the measurements that took place at the-
se sites. The results of the measurements are presented and discussed in 
chapter six. Chapter seven includes the sensitivity analysis of the under discus-
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sion sites as well as the proposed measures for the improvement of the prevail-
ing conditions. Last, chapter eight concludes on all the examined issues. 
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2 Overview  
This chapter describes concepts central to this thesis. At first it deals with the 
urban heat island, the microclimate and thermal comfort, followed by an over-
view of thermal comfort indices that have been introduced. Furthermore, the in-
fluence of urban green and urban structure materials is evaluated. A glossary is 
given in Appendix 1. 
2.1 Urban heat island phenomenon 
Urban Heat Island is a built urban area that has higher temperatures than the 
surrounding rural areas. This phenomenon can occur during daytime (diurnal 
UHI) or night time periods (nocturnal UHI) and has an impact mostly during 
summer periods. 
This phenomenon has occurred in urban areas due to the urban structure and 
the density of the buildings, the materials that are used on the surfaces of the 
urban area, limited green spaces and vegetation and the high population densi-
ty in urban areas that increase the amount of anthropogenic heat released to 
the environment by extensive anthropogenic activities. 
It is needless to say that all the above cause various problems and especially 
environmental problems. However these problems are not restricted to the envi-
ronment but also have a social and an economic side to them.  
The increase in urban temperature and the alteration of other parameters that 
are influenced by the UHI phenomenon such as wind patterns, precipitation rate 
and humidity levels have deteriorated outdoor and indoor thermal comfort con-
ditions.   
Indoor thermal comfort deterioration influences the energy cost for urban dwell-
ers since there is an extensive use of cooling systems. Apart from the cost, it 
influences the quality of the outdoor spaces since the pollution levels increase 
and thus the air quality of outdoor spaces decrease in urban areas due to the 
use of fossil fuels.  
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The deterioration of outdoor thermal comfort conditions not only influence the 
environment but they also cause social isolation and in turn influence the econ-
omy. Urban dwellers avoid going outdoor for social purposes and activities pre-
ferring to stay indoors unless they have to fulfil obligations since the outdoor 
conditions cause discomfort to the dwellers. In turn the economy of commercial 
outdoor activities in urban areas takes a downfall since they can not be sup-
ported this way. 
The two main causes of the UHI phenomenon are anthropogenic heat and the 
urban structure [3]. The excess heat that is released by human activities to the 
environment, known as anthropogenic heat, can come from the industrialisation 
that follows urbanisation, from the increase in cars, in electrical equipment, in 
heating and cooling systems and others. This heat is released to the environ-
ment directly and along with a part of the solar radiation that directly heats the 
environment increases the temperature instantly.  
The part of the solar radiation that does not heat up the environment directly is 
absorbed and retained in the materials which are used in structures. The mate-
rials used in urban structures and how they behave will be analysed later. As 
the sun sets the temperature decreases and the environment cools down. The 
heat that has been accumulating in the surface materials throughout the day is 
released to the environment, intensifying the urban heat island. As the differ-
ence in temperature of urban area and rural area increases, the UHI increases. 
The magnitude of the UHI depends on population, industrial development, to-
pography and layout and the climate and the meteorological conditions of the 
area [3]. 
2.2 Urban microclimate and thermal comfort 
The climatic variables that describe the microclimate of an urban area are main-
ly temperature, humidity, solar radiation, wind speed and pressure. The urban 
microclimate is strongly correlated with thermal comfort and is an indicator of 
human thermal comfort. In order to improve human thermal comfort in urban 
outdoor areas it is important to improve outdoor thermal comfort conditions by 
upgrading the quality of outdoor spaces.  
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Taking the variables it is evident that a number of measures can be taken into 
account to alter these climatic variables and thus to improve the urban micro-
climate, thermal comfort conditions and in turn the quality of outdoor spaces. 
These measures are: 
 Suitable shading or insolation 
 Wind protection or suitable use of local wind patterns 
 Materials and colours used on surfaces 
 Green areas and vegetation 
 Use of water features for cooling purposes 
With the use of suitable shading the microclimate of an area can be improved. 
Shading can be provided by trees, which have a cooling effect on the surround-
ing area as well. Deciduous trees are appropriate since they block the sun dur-
ing summer months when it is unwanted and allow the sun to pass during winter 
months when it has a positive impact on the thermal comfort. Apart from trees, 
shading structure could be constructed to fulfil this purpose. The impact these 
structures have on the microclimate depends on the type of structure, its colour 
and its texture. For example louvers situated at the appropriate angle can be 
used to block the sun during summer and to allow it to pass during winter just 
as deciduous tree would work. 
By changing the wind flow in an area the microclimate and thermal comfort 
conditions could deteriorate or improve. It is most appropriate to take the wind 
regime into account during the urban planning of an area as so to design it in 
the most suitable way. However, the urban geometry can not be changed in ex-
isting urban built environments. Even so, the wind flow could be regulated with 
the use of appropriate structures or trees. By placing wind protection structures 
or trees in the right place the outcome could be positive.  
Additionally, the choice of materials used in urban structures and even their col-
our has a significant effect on the microclimate. Materials that have low reflectiv-
ity and emissivity values develop a higher surface temperature and effect the 
microclimate negatively. The same applies to dark coloured surfaces. Materials 
with high reflectivity and emissivity values should be used or even lighter col-
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oured materials are a better solution in order to reduce the surface tempera-
tures. Another solution is to use more permeable paving to help capture humidi-
ty that will evaporate from the surface and help with cooling the area. This issue 
will be further analysed later in the study. 
The increase in green spaces, trees and vegetation and the choice of the most 
appropriate species to use along with the careful design can only have a posi-
tive effect on the microclimate. In an urban area, trees and vegetation can re-
duce energy consumption by 35% [4]. If an extensive green area would be cre-
ated in a city, like a large park, the temperature in that area can be decreased 
up to 5°C [4]. If trees were planted in streets the temperature could drop up to 
2.5°C [4]. If the vegetation in an urban area is increase by 12% there can be a 
reduction in the mean temperature of 3°C overall [4]. Apart from these positive 
impacts, trees also provide shading during summer. The ability plants have to 
capture pollutants and particles is an additional property that can help mitigate 
the UHI effect and improve thermal comfort by improving the outdoor air quality. 
It is evident that many parameters should be taken into account in the designing 
of an urban area. However, even if these parameters have not been taken into 
account during the designing phase, they could be altered with the use of vari-
ous interventions. 
2.3 Thermal comfort indices 
As mentioned before, climatic variables that are used to define thermal comfort 
conditions are air temperature, humidity, wind speed and solar radiation. It is 
clear why air temperature, wind speed and solar radiation effect thermal com-
fort. Humidity on the other hand influences thermal comfort through a mecha-
nism of the human body. During warm periods humans sweat in order to regu-
late their body’s temperature. Sweat, which mostly contains water, covers the 
surface of the skin and cools the body down when it evaporates due to the la-
tent heat of water evaporation. When the atmosphere has high humidity levels 
the evaporation rate decreases and this process is limited. This causes the hu-
man body to sense a higher temperature and thus increases discomfort.  
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However, thermal comfort is not only influenced by the climatic variables. Phys-
ical and psychological parameters have an influence on the thermal comfort 
levels as well. Physical parameters influencing thermal comfort are activity level 
of the individual, thermo-physical properties as well as clothing. Naturally hu-
mans’ deep body temperature must be equal to about 37°C with small fluctua-
tions of ±1°C. In order for the body to maintain this temperature a constant ex-
change of heat between the body and the environment takes place [5]. Thermal 
comfort depends on this heat exchange between body and environment and is 
related to the climatic variables mentioned above as well as the activity level, 
the thermo-physical properties and clothing according to a relevant energy bal-
ance equation [6]. The relevant energy balance equation is [7]: 
M+W+R+C+ED+ERe+ESw+S= 0 
Where, 
M: the metabolic rate (internal energy production),  
W: the physical work output,  
R: the net radiation of the body,  
C: the convective heat flow,  
ED: the latent heat flow to evaporate water diffusing through the skin (impercep-
tible perspiration),  
ERe: the sum of heat flows for heating and humidifying the inspired air, 
ESw: the heat flow due to evaporation of sweat,  
S: the storage heat flow for heating or cooling the body mass.  
The individual terms in this equation have positive signs if they result in an en-
ergy gain for the body and negative signs in the case of an energy loss (M is 
always positive; W, ED and ESw are always negative) [7]. The unit of all heat 
flows is in Watts [7]. The convective heat flow (C) and the sum of heat flows for 
heating and humidifying the inspired air (ERe) are directly influenced by the air 
temperature. Humidity levels influence the latent heat flow (ED), heat flows for 
heating and humidifying the inspired air (ERe) and the heat flow due to evapora-
tion of sweat (ESw). The convective heat flow (C) and the heat flow due to 
evaporation of sweat (ESw) are influenced directly by the wind speed and the 
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mean radiant temperature is influenced by the net radiation of the body (R) [8]. 
In the figure below (Figure 1) the exchange of energy between the human body 
and the environment is depicted. In the figure the notations stand for: 
I= direct solar radiation 
H= diffused solar radiation 
(I+H)refl= reflected solar radiation 
Ea, Eu= thermal radiation from the environment  
W= thermal radiation from the human body. 
 
                                                            Source: http://www.cres.gr/kape/Scientific_Guide_19_7.pdf 
Figure 1: Energy balance of human body. 
To evaluate thermal comfort conditions a range of thermal indices have been 
introduced. Depending on the index, the evaluation depends on climatic param-
eters or on multiple combinations of both climatic and physiological parameters. 
Most indices were developed to evaluate thermal comfort in indoor spaces. A 
number of them were altered in order to be used in outdoor spaces. Below the 
most widely used thermal indices for outdoor spaces are briefly described.  
2.3.1 Wet-bulb globe temperature (WBGT) index 
The wet-bulb globe temperature was introduced in 1905 by Haldane. According 
to that the measurement of only the wet-bulb globe temperature was sufficient 
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to evaluate thermal comfort. In 1957, Yaglou & Minard develop the wet-bulb 
globe temperature index. To find the thermal comfort level with this index the 
dry-bulb temperature (Ta), the wet-bulb temperature (Tw) and the black-globe 
temperature (Tg) needs to be measured. Those three temperatures along with 
coefficients that have been empirically determined are intergraded into the fol-
lowing equation in order to get the thermal comfort value [5]. 
WBGT=0.7Tw+0.1Ta+0.2Tg 
Today the WBGT index is the most widely used thermal comfort index world-
wide. 
2.3.2 Discomfort index (DI) 
Thom introduces the discomfort index in 1957. The discomfort index examines 
and evaluates heat stress yielded on an individual taking into account the dry-
bulb temperature (Ta) and the wet-bulb temperature (Tw). The following equa-
tion is used [9]. 
DI=0.4 (Ta+Tw) +4.8 
The discomfort values of this index are presented in the following table (Table 
1). 
Table 1: Classification of discomfort index values 
Discomfort Index range Classifications 
DI<21 °C No discomfort 
21≤DI<24 °C 10% of the total population feels discomfort 
24≤DI<26 °C 50% of the total population feels discomfort 
DI≥26 °C Most of the population suffers discomfort 
DI≥26.7 °C The discomfort is very strong and dangerous 
DI>32 °C State of medical emergency 
Source: [9] 
 
Thom’s discomfort index (DI) is a very practical thermal index and is used ex-
tensively.  
 14 
2.3.3 Humidex (HD) 
The Humidex index was introduced by Masterton and Richardson in 1979 [6]. 
This index combines temperature and humidity to get the thermal comfort value. 
It is mainly used in Canada. The Humidex is given by the following equation, 
considering a general formulation for the estimation of vapour pressure, where 
ta is the air temperature (ºC) and ur is the relative humidity [10].  
HU = ta + (5/9) [(6,112 · 10
7.5 · tar / (237.7+ tar) ·ur/100) - 10] 
Humidex range along with the thermal discomfort levels are presented in the 
table below (Table 2). 
Table 2: Ranges and levels of humidex index 
Humidex range Thermal discomfort level 
20°C ≤ HD ≤ 29°C Comfort 
30°C ≤ HD ≤ 39°C Some discomfort 
40°C ≤ HD ≤ 45°C Great discomfort, avoid exertion 
Above 45°C  Dangerous 
Above 54°C Heat stroke imminent 
Source: [6] 
2.3.4 Predicted Mean Vote (PMV) 
The PMV index was introduced by Fanger in 1970 and predicts the mean vote 
on a nine point scale of a large population of people that are exposed to a cer-
tain environment. It applies only to long term exposure to constant environmen-
tal conditions and constant metabolic rate [11]. The nine point thermal sensation 
scale used is presented in the table 3 (Table 3).  
The measure of the percentage at each PMV of people that are not satisfied 
with the thermal environment is given by the Predicted Percentage Dissatisfied 
(PPD) index. PPD increases as the PMV deviates positively or negatively from 
zero [11]. It is concluded after the examination of a large volume of data that 
approximately 5% of the examined population will be dissatisfied with the ther-
mal environment even if the PMV is zero. The curve in figure 2 (Figure 2) pre-
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sents the Predicted Percentage Dissatisfied as a function of the Predicted Mean 
Vote [12]. 
Table 3: PMV thermal sensation scale 
Thermal sensation scale 
+4 Very hot 
+3 Hot 
+2 Warm 
+1 Slightly warm 
0 Neutral 
-1 Slightly cool 
-2 Cool 
-3 Cold 
-4 Very cold 
 
 
Source: <http://www.arct.cam.ac.uk/PLEA/Notes.aspx?p=9&pid=9&ix=603>. 
Figure 2: PPD as a function of PMV 
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2.3.5 Standard effective temperature (SET) 
The standard effective temperature was presented by Gagge in 1967. Accord-
ing to Gagge the standard effective temperature is the air temperature of a ref-
erence environment at which an individual has the same skin temperature and 
wetness as the real environment [10]. Gagge introduced some standardised 
conditions starting with standardised clothing for given activities and evolving it 
to certain metabolic rate and clothing. The data used for the reference environ-
ment are: 
 mean radiant temperature (trm) = air temperature (ta) 
 air speed (va) = 0.15 m/s 
 relative humidity (ur) = 50% 
 metabolism (M) = 1.2 met  
 clothes resistance (Iclo) = 0.9 clo 
The SET is related to the average body temperature when there is thermal equi-
librium. The equations showing this relationship differ depending on the tem-
perature. When the temperature is between 23°C and 41°C the equation is [12]: 
SET = 34.95 Tb - 1247.6 
Below 23°C: 
SET = 23 - 6.13 (36.4-Tb)0.7 
Above 41°C: 
SET = 41 + 5.58 (Tb-36.9)0.87 
In the following table the relationship between SET values, comfort votes, sen-
sation and physiology are presented [12]. 
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Table 4: Relationship of SET values with other parameters 
SET Vote Sensation Physiology 
> 37.5 > 3 very hot, great discomfort 
incr. failure of evapora-
tive regulation 
37.5-34.5   +2 to +3      hot, very unacceptable profuse sweating 
34.5-30 +1 to +2   warm, uncomfortable, un-
acceptable 
sweating 
30-25.6 +0.5 to +1 slightly warm, slightly un-
acceptable 
slight sweat, vasodila-
tation 
25.6-22.2 -0.5,+0.5 comfortable, acceptable physiological thermal 
neutrality 
 
2.3.6 Physiological Equivalent Temperature (PET) 
This index was introduced by Höppe in 1999. He proposes the Munich energy 
balance model for individuals (MEMI) which is based on parameters taken from 
the two node Gagge model as well as the human body thermal balance equa-
tion [13] that was analysed in subchapter 3.3. Höppe defines the PET as: “the 
equivalent temperature to the air temperature, for a given situation, in which, for 
a typical internal situation, the thermal balance of the human does not change, 
considering the same core and skin temperatures as in the original situation” 
[14]. The internal situation is defined by [10]: 
 mean radiant temperature (trm) = air temperature (ta)  
 air speed (va) = 0.1 m/s  
 vapour pressure (pv) = 12 hPa 
 relative humidity (ur) = 50% at ta=20 °C 
 metabolism (M) = 114W  
 clothes resistance (Iclo) = 0.9 clo 
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The calculation steps involve, firstly the calculation of the body’s thermal condi-
tions using MEMI with given meteorological parameters and secondly  inserting 
mean skin temperature and core temperature into the MEMI model and solving 
the energy balance equation for air temperature. The air temperature that is 
found is the PET [15]. The clothes external surface temperature, the skin sur-
face temperature and the core temperature are calculated by solving the energy 
balance equation, by calculating the heat flux from body core to skin and the 
heat flux from skin to clothes external surface. In the following table the PET 
ranges depending on the thermal perception and physiological stress are pre-
sented (Table 5). 
Table 5: PET ranges for different thermal perception and physiological stress. 
PET Thermal perception Grade of physiological stress 
4°C 
8°C 
13°C 
18°C 
23°C 
29°C 
35°C 
41°C 
Very cold Extreme cold stress 
Cold Strong cold stress 
Cool Moderate cold stress 
Slightly cool Slight cold stress 
Comfortable No thermal stress 
Slightly warm Slight heat stress 
Warm Moderate heat stress 
Hot Strong heat stress 
Very hot Extreme heat stress 
Source: [15] 
2.3.7 Actual Sensation Vote (ASV) 
In 2004, Nikolopoulou proposes a model through project RUROS. Project RU-
ROS as mentioned before, aimed to examine, evaluate and improve the quality 
of outdoor urban spaces by improving environmental and thermal, visual and 
audible comfort conditions in open spaces. 
The parameters needed to calculate the ASV are: 
 air temperature (Tair_met °C) 
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 total solar radiation (Sol_met, W.m-2) 
 wind speed (V_met, m.s-1) 
 relative humidity (RH_met,%) 
Nikolopoulou states that the model is representative of the different European 
climate conditions. CRES presents a series of design guidelines and in these 
guidelines present the different ASV models for different European cities. A 
combined European ASV model is also presented. The equation for the com-
bined model is [16]: 
ASV = 0.049 Tair_met + 0.001 Sol_met – 0.051 V_met + 0.014 RH_met – 
2.079  
For the city of Thessaloniki the equation is [16]: 
ASV = 0.036 Tair_met + 0.0013 Sol_met – 0.038 V_met + 0.011 RH_met – 
2.197  
The equations are suitable for air temperatures between 5 ºC and 35 ºC and the 
data used must be taken from a meteorological station [10]. 
2.4 Urban green and the influence on the microcli-
mate and thermal comfort 
As populations in urban areas grew green areas were limited and trees were cut 
down in order to use the space to build accommodation for the increasing urban 
population along with the needed infrastructure. Due to the rise in urban popula-
tion as well as the limited green areas and vegetation the quality of life in urban 
areas has decreased. Air and noise pollution has increased, the microclimate 
has been altered, the water cycle is has been disturbed and aesthetically the 
environment has been degraded. The existing regime has led to unsustainable 
urban areas. For these reason urban areas are in need of green spaces and 
vegetation since they could help mitigate these problems of urban living. Ac-
cording to the World Health Organization, the average of green spaces in an 
urban area must be at least 8 to 10 square meters per citizen [17]. Unfortunate-
ly though, these standards are not met in all countries. In Europe, according to 
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Fuller and Gaston, the percentage of green space coverage widely differs 
among cities and ranges from 1.9% in Reggio di Calabria, Italy to 46% in Ferrol, 
Spain and the square metres of green space per citizen varies from 3-4 square 
metres in certain cities in Spain as well as Italy and less in some other Europe-
an cities up to more than 300 square metres in specific cities in Belgium, Fin-
land and France [18]. Greek cities have a very low average of green spaces 
[17]. The capital city Athens has an average of 2.8 square metres of green 
space per citizen [17] and the second largest Greek city, Thessaloniki, has an 
average of 1.4 square metres of green space per citizen [19]. In the following 
figure (Figure 3) each country is coloured according to the green space per citi-
zen provision and the points represent and are coloured according to the green 
space coverage [18]. 
 
Source: http://rsbl.royalsocietypublishing.org/content/5/3/352.full 
Figure 3: Urban green space coverage in Europe and green space per citizen provision. 
Green areas upgrade the environmental conditions of urban areas; they change 
the landscape and upgrade the health and psychological conditions of urban 
dwellers [18]. The urban microclimate and thus the thermal comfort conditions 
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in outdoor spaces, the air and soil quality; noise pollution and lighting conditions 
are all influenced by green spaces.  
Microclimate 
The urban microclimate is influenced since trees and green spaces have an ef-
fect on air temperatures and humidity levels in an urban area. As analysed in 
chapter 2.1, urban microclimates are affected by the Urban Heat Island phe-
nomenon which results in urban areas having higher temperatures than sur-
rounding rural areas. As mentioned, one of the main causes of this heat accu-
mulation in urban areas is the construction materials used in urban structures. 
These materials have a great heat capacity and conductivity. They absorb and 
store solar radiation and radiate it to the environment. Vegetation can help miti-
gate the UHI phenomenon by reducing air temperatures by shading building el-
ements of urban structures and so moderating solar heat gains, reducing con-
ductive and convective heat gains because of lower dry-bulb temperatures 
achieved through evapotranspiration and by converting incident solar radiation 
to latent heat [20]. Trees can absorb, reflect and transmit part of the solar radia-
tion through their foliage [17], [21]. The most appropriate trees for urban areas 
are deciduous trees since during the summer they can absorb solar radiation, 
they can shade building elements and so reduce temperatures. During winter 
though, solar radiation should be permitted to reach the ground for a pleasant 
warm feeling for urban dwellers and warm building structures to reduce heating 
needs for buildings. During to the transpiration of plants large amounts of heat 
are absorbed because of water absorption. Trees reduce air temperature and 
cool the surrounding area through this process. According to Karameris, for the 
evaporation of one gram of water, 590 calories of energy are needed. A beech 
tree consumes 300.000 kcal of energy daily for transpiration [21]. Through this 
example it is understood that large amounts of energy can be removed from the 
environment through the planting of trees and thus the temperature of the sur-
rounding area is reduced. 
Construction materials used in urban structure do not only have great heat ca-
pacity and conductivity but they are also impermeable leading to lower levels of 
humidity due to the higher temperatures and water runoffs. Plants can affect the 
air humidity through the respiration process [21]. During this process the plants 
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absorb carbon dioxide, energy, elements from the soil and water and produce 
organic matter and at the same time emit oxygen to the atmosphere [21]. In or-
der for a plant to produce one gram of dry matter it losses approximately 250-
5000 ml of water and so cools the air [21]. Trees cool the surrounding area with 
the same mechanisms used in air conditioning units. 
Wind flows could be regulated and controlled with the planting of trees. Due to 
the high coefficient of friction they can reduce wind speeds and protect certain 
areas from unpleasant winds [21]. For this reason it is very important to place 
the trees in the right place for the outcome to be positive.  
It is evident that green can reduce the urban heat island phenomenon. Conclu-
sively, plants present higher emissivity and reflectivity values than most urban 
structures. They shade urban structures and buildings and influence the air 
temperature and the energy consumption. What makes them a better solution 
than shading structures is that they are living organisms and so evapotranspire 
and thus further reduce air temperatures. Furthermore, plant soil retains humidi-
ty and evapotranspires itself [22]. In addition plants absorb large amounts of so-
lar radiation. 
Air quality 
Urban areas have low oxygen content and the air has large quantities of sulphu-
re dioxide, carbon monoxide and dioxide, fthorium, nitrogen oxides, chloride 
and ozon [17]. Plants can act as filters. Through the process of respiration 
plants absorb carbon dioxide and release oxygen to the atmosphere. In this 
manner oxygen can be renewed in urban areas. The foliage of the trees can al-
so capture and withhold dust and airborne particles and so reduce the air pollu-
tion in urban areas. The dust that is laid on the tree leaves gets washed away 
by rain and thus enriches the soil with nutrients [22]. 
Water and soil 
In an urban area, due to the materials that are used in urban structures, water 
from rains are not absorbed since these materials are impermeable leading to 
large water runoffs, at a high speed and evidently to soil erosion. Vegetation 
and trees have a positive effect on the hydrology cycle of an area since they re-
   23 
duce water runoffs and therefore prevent soil erosion. The roots from the trees 
withhold soil and thus soil landslips are not noticed. Additionally trees can ab-
sorb pollutants and chemicals from polluted soil and store them or even trans-
form them to less harmful forms. In total, they improve the quality of water as 
well as the quantity. 
 
Source: [56] 
Figure 4: Ecological qualities of a tree 
Water and soil 
In an urban area, due to the materials that are used in urban structures, water 
from rains are not absorbed since these materials are impermeable leading to 
large water runoffs, at a high speed and evidently to soil erosion. Vegetation 
and trees have a positive effect on the hydrology cycle of an area since they re-
duce water runoffs and therefore prevent soil erosion. The roots from the trees 
withhold soil and thus soil landslips are not noticed. Additionally trees can ab-
sorb pollutants and chemicals from polluted soil and store them or even trans-
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form them to less harmful forms. In total, they improve the quality of water as 
well as the quantity. 
Noise pollution and lighting conditions 
Urban areas have been polluted in many ways. Noise pollution is one of them. 
Trees can help mitigate this problem. The flexible parts of a tree, its foliage and 
branches, absorb sound waves [17]. Larger parts such as bigger branches and 
the trunk divert and break sound.  
Trees also reduce glare that is caused by materials used in urban areas by re-
flecting or blocking solar radiation or artificial lighting [22]. They also reduce the 
intensity of light. 
Aesthetic improvement 
Green spaces can improve the urban area aesthetically. Trees and plants can 
block unpleasant views and along with the improvement of air quality, the re-
duction of noise pollution and the improvement of lighting conditions they can 
form an aesthetically pleasing environment. They also soften the exterior ap-
pearance of urban buildings and interact dynamically with the environment 
since the colour and density of their foliage is different in every season. Addi-
tionally, they offer visual comfort to urban dwellers due to the fact that they re-
duce the intensity of lights.  
2.5 Structure materials and the influence on micro-
climate and thermal comfort  
The materials used on urban surfaces behave in a very different manner than 
natural surfaces. Natural surfaces, such as soil, or any kind of vegetation, re-
strain moisture and use a large amount of the solar radiation that they absorb 
for evaportranspiration. This process gives out latent heat and water vapour 
which have a cooling effect on the surrounding area. On the other hand, materi-
als such as bricks, concrete and asphalt, which are widely used in cities, do not 
absorb water, letting it drain away. Furthermore these materials have low reflec-
tivity and emissivity values. This results to the absorption and retention of the 
solar radiation and in addition to the rise in surface material temperature. 
Through this process, the energy balance is increased in total and air tempera-
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tures rise [23]. When the difference between air temperature and surface tem-
perature is small, the infrared radiation that is emitted from the ground surfaces 
is balanced out by the infrared radiation from the atmosphere [24]. When the 
temperature difference is large though, the infrared radiation from the ground 
surface is larger than the infrared radiation from the atmosphere causing the 
increase of the energy balance and thus atmospheric heating of the area [24]. 
This makes building materials an important factor in the urban environment that 
influences the microclimatic conditions of the area and thus the thermal comfort 
conditions. 
In order to reduce the energy balance of an urban environment and to improve 
thermal comfort conditions, it is important to keep surfaces cooler by reducing 
the thermal gains from the absorption of solar radiation. As said before, this 
could be achieved from shading structures with trees. Another way to achieve 
thermal gain reductions is with the use of materials that present a better thermal 
performance. Thermal and optical characteristics of materials such as albedo 
and emissivity values characterise their thermal performance.  
Pavements contribute to the Urban Heat Island effect in an urban area by af-
fecting the microclimate significantly since they cover a large part of a city. The 
most common materials that are used on pavements are concrete and asphalt. 
These materials have low reflectance and low emittance. Concrete and asphalt 
solar reflectance values range from 0.04 to 0.45 [25]. Due to the low values of 
reflectance and emittance, they absorb and store solar radiation, developing 
high surface temperatures in this manner and emitting it into the atmosphere at 
later hours of the day when the ambient air temperature has decreased.  
There is a category of materials, namely “cool materials”, which have a high so-
lar reflectance and high infrared emittance. Such materials develop lower sur-
face temperatures due to these properties and so when used on urban surfaces 
the heat release to the atmosphere through heat convection is decreases and 
thus there is a reduction in the increase of the air temperature.  
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2.5.1 Cool materials 
Cool materials have a high solar reflectance and high infrared emittance. An in-
dex that incorporates solar reflectance and infrared emittance in one value has 
been introduced in order to evaluate how hot a material will get when exposed 
to the sun. This index is the solar reflectance index (SRI). By definition a stand-
ard black surface has a SRI value of zero and a standard white surface has a 
SRI value of 100. The SRI compares the steady state surface temperature of 
the material surface to the steady state temperatures of a standard black and a 
standard white surface under the same environmental conditions [26]. To calcu-
late the SRI the following equation is used [25]: 
SRI = [(Tblack -Tsurface) / (Tblack –Twhite)] x 100 
Where, 
Tblack steady state temperature of the standard black surface 
Twhite steady state temperatures of the standard white surface 
Tsurface steady state temperatures of material surface 
Taking the equation into account, one can see that very hot materials can have 
negative SRI values and very cool materials can have values greater than 100 
[25]. 
Cool materials can be divided into two main categories [25]. The first category is 
cool materials used for roofs [25]. This category will not be analysed since it is 
not relevant to the subject of this dissertation. The second category is cool ma-
terials used for paving [25].  
According to the Cool Pavement Report conducted by Cambridge Systematics 
Inc. there are three ways to reduce the effect of pavements on the urban ther-
mal environment. Firstly with the use of surfaces that present higher solar re-
flectance values, secondly by using materials that have increased surface per-
meability and thirdly by using materials with an increased cooling ability of the 
pavements material during the night [27]. 
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Permeable pavements 
The effects of concrete and asphalt pavements on the urban environment have 
been studied extensively. A recommendation in many of these studies for the 
reduction of these effects is permeable pavements. Traditional pavements do 
not allow water to infiltrate and so the water drains away. This is not only nega-
tive for the environment and in particular the soil, since it causes soil erosion, 
but it also increases the need for drainage systems and thus increasing devel-
opment costs. However, permeable pavements allow water to seep into the un-
derlying soil and effectively reduce water runoffs. Another problem permeable 
pavements help mitigate is the pollution of run off water by pollutants such as 
hydrocarbons and heavy metals. These pollutants are carried away by run off 
water and end up in sewage systems, in water tables, in rivers and streams pol-
luting them in turn. Permeable pavements allow water to be filtered in various 
layers under their surface that withhold these pollutants. Last but not least, 
since the water and the atmosphere can interact with these pavements, evapo-
ration can occur at the surface and thus the temperature increases can be re-
duced and as a result help with the mitigation of the UHI phenomenon. 
Reflective pavements 
High albedo pavements concentrate on less solar radiation absorption leading 
to lower surface temperatures and thus less heat discharge to the atmosphere. 
There are many available methods to increase the albedo of pavement materi-
als. In research this methods can be divided into four phases [25]. The four 
phases are [25]:  
Phase one: In this phase research focused on white materials that presented 
high reflectivity and emissivity values. It was concluded that the temperatures 
these materials develop are only slightly higher than the ambient temperature 
during the day and slightly lower during the night. The thermal performance of 
white coatings was found better than that of natural white materials. 
Phase two: Following, cool coloured materials with infrared reflective pigments 
have been developed. These materials present a higher reflectivity value than 
materials of the same colour as well as coating of the same colour. 
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Phase three: The materials developed during the third phase of research are 
cool coatings of different colours integrated with nano-materials that have high 
heat storage in order to increase the coatings heat capacity. These materials, 
called phase change materials (PCM) store and release latent heat through 
chemical bonds. During the day they absorb heat and undergo a melting pro-
cess and during the night they release the heat through solidification.  
Phase four: During this phase, materials with dynamic optical characteristics 
have been researched. According to temperature or solar radiation such mate-
rials adapt by changing their reflectivity. Thermochromic coatings are consid-
ered as such. Thermochromic coating adapt to the surrounding environment by 
changing their colour reversibly. The material presents high reflectivity during 
summer and high absorption during winter.  
Benefits of cool materials 
Cool materials have a high albedo and high infrared emissivity. The most signif-
icant benefit these materials have to offer is that the materials surface is kept 
cooler resulting in less heat convection from the surface to the air and thereby 
decreasing the increase of the surrounding air temperature. An increase of 0.25 
in albedo can result to a decrease of 10°C in temperature [28]. With the smaller 
increase of air temperatures due to the absorption and storage of solar radiation 
in surface materials, cooling loads during summer periods are reduced too. This 
decreases the concentration of air pollutants in the urban area which helps miti-
gate the UHI phenomenon and the concentration of greenhouse gases which 
can help mitigate the global greenhouse effect. Additionally cool materials could 
increase the life expectancy of pavements since their performance is affected 
by temperature [28]. They could also improve visibility during the night, thus 
making it safer and also reducing the street lights needed, saving energy and 
reducing costs in this manner [25].  
Disadvantages of cool materials 
The main problem caused by cool materials is glare. It could be a problem for 
drivers as well as for people in areas where they are exposed to the radiation 
for long periods of time [25]. As mentioned above, cool materials can decrease 
cooling loads during summer periods. However, during winter the heating needs 
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may increase [25]. Another problem that could be caused is that light coloured 
pavements darken due to dirt [28] and thus albedo values are altered. It is evi-
dent that the advantages of cool materials are more significant than the disad-
vantages. Even the problem with glare has been studied and new materials are 
developed that have high reflectivity values like other cool materials but that ab-
sorb the visible part of the solar spectrum in order for them to appear darker 
[25]. 
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3 Literature Review 
Various studies have been carried out as to evaluate urban microclimate and 
thermal comfort conditions. Numerous parameters that influence the microcli-
mate and by extension thermal comfort conditions have been studied as well as 
the problems they cause and various mitigation measures have been examined 
and proposed. In this chapter the concepts identified in the introductory chapter 
are further developed and a number of relevant studies that have been carried 
out will be presented and analysed. A glossary is given in Appendix 1. 
3.1 Urban Heat Island 
Many studies have been conducted in order to identify the causes of the urban 
heat island phenomenon, the parameters of the urban structure influencing it 
and the mitigation measures have been extensively studied in order to under-
stand this phenomenon. It is not possible to draw general conclusions when it 
comes to this phenomenon. Each urban area is different, not only in structure, 
but also in climate. For that reason there are many techniques used to study the 
Urban Heat Island effect. The mitigation measures are specific, but in each 
case the weight of each measure differs. Because of its complexity of this phe-
nomenon is the most well documented phenomenon of climatic change [29]. 
For the city of Athens, Greece many studies have been carried out confirming 
the existence of this phenomenon [30], [31], [32]. All prior studies conducted for 
the UHI in Athens show that the UHI phenomenon is most intense during sum-
mer periods. For that reason K. Giannopoulou et al. [33] study Athens to ana-
lyse the Urban Heat Island phenomenon focusing on summer months and not 
all year round. Twenty five fixed meteorological stations were installed in the 
centre and around Athens. The greater area of Athens was divided into five 
parts, the city centre, northern, eastern, southern and western part. Specific 
temperature data for the three summer months, June, July and August of 2009 
were selected. As a result of the analysis of the mean monthly air temperatures, 
the northern and eastern parts were found to have lower temperatures due to 
the presence of green areas in a high percentage and the non existence of an 
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industrial zone. On the other hand, the city centre and western part of Athens 
had the highest temperatures, owing to the densely built environment, the in-
creased traffic loads and the lack of green areas and vegetation. The study also 
analysed the diurnal and nocturnal air temperatures. The city centre meteoro-
logical station was considered the reference station. The differences of the 
hourly temperatures of all stations and the reference station were calculated 
and showed that the centre and western part of Athens have an intense UHI 
phenomenon that may even reach the difference of 5°C. Mainly the western 
part developed the UHI phenomenon during night time. Conclusively, even 
though Athens does develop high temperatures during the summer due to its 
position and the high mountains surrounding it, parameters such as a densely 
built environment, increased traffic, industrialisation and the lack of green spac-
es and vegetation intensify the temperatures and cause an Urban Heat Island. 
On the other hand lower temperature arises in areas with significant vegetation 
and no industrial zone [33]. The complexity of this phenomenon can be seen 
through this study. Different areas get influenced by a mixture of parameters. It 
is very difficult for these parameters to be the same in different urban areas thus 
making it difficult to arrive at uniform conclusions. However the negative impact 
anthropogenic activities and the positive impact of green areas and vegetation 
are obvious.  
Degraded indoor thermal conditions have led extensive use of cooling systems 
(air conditioners) during summer months and sequentially increased the energy 
demand. The increased demand for energy not only increases the energy cost 
for the dwellers, but can also cause problems in energy supply, such as power 
blackouts. Additionally, the increase in energy demand intensifies the concen-
tration of harmful pollutant emissions due to the consumption of fossil fuels. The 
higher concentration of these gases and particles degrade the outdoor air quali-
ty and can have consequences on the health of the urban dwellers. 
M. Santamouris et al. [34] estimate the ecological footprint of the Urban Heat 
Island effect over Athens. The goal of this study is not to confirm the existence 
of the phenomenon, they take it as granted, but to estimate the direct as well as 
the indirect impacts that the Urban Heat Island has on the environment. To do 
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so they estimated the increase in energy demand for cooling through simulation 
and translating it to environmental cost. Data from twenty three different climatic 
stations in Athens were taken during the summer periods of 1997 and 1998. 
Hourly ambient air temperature and humidity readings were used. Each site that 
was chosen had different building density and different traffic loads. One of the 
stations was situated at an altitude of 500 meters on the Hymettus Mountain. 
The area had no buildings and no traffic load. The vegetation was moderate. 
This site was used as the reference rural area and was compared to the other 
sites.  Using this data the energy cost of the Urban Heat Island phenomenon in 
Athens was calculated as well as the CO2 emissions caused by this phenome-
non. The conclusion drawn from this study was that there is a high potential for 
increase of energy cost and CO2 emissions in Athens due to this phenomenon 
showing that it is a growing problem [34]. Once again the positive impact of 
vegetation, low building density areas, low traffic loads and in general low an-
thropogenic heat releases are evident. 
Although Athens is the largest city in Greece, there is an interest in the exist-
ence of Urban Heat Island effect in other cities of Greece as well. D. Kolokotsa 
et al. [35] study the UHI in Chania, a small town on the island if Crete, Greece. 
Even though it is a small town it is densely populated making it an interesting 
case study. For the purpose of the study nine urban and three rural meteorolog-
ical stations were set up. The stations were spread out throughout the town in 
order to enclose all different areas. The stations were set up in the city centre, 
in densely built areas around the city as well as along the coast line. Measure-
ments were taken from May 2007 until October 2007, the months it is consid-
ered summer in the southern part of Europe. Initial measurement of air tem-
perature and humidity showed that the city centre had higher temperatures than 
the suburban areas and that the city centre had the lowest humidity percent-
ages than any other station. The coastal line on the other hand had the maxi-
mum percentages of humidity. The UHI phenomenon was confirmed. After June 
the UHI intensity increased and after September it started to drop. Differences 
noticed during day time varied with major differences. However, the UHI phe-
nomenon during night time was stable, with small differences throughout the 
period of the measurements. The influence of various parameters on the UHI 
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was studied, concluding that summer heat waves intensify the phenomenon, 
confirming the correlation between the microclimate of the area and UHI, re-
cording that the city layout obstructs winds that could reduce the temperature 
differences and that rainfalls decrease the intensity of the phenomenon. The 
outdoor thermal comfort conditions were also studied. The result was that ther-
mal comfort conditions follow the UHI. In urban areas, were the UHI was no-
ticed, the discomfort levels were higher than in other areas [35]. Through this 
study we can notice how the UHI, the microclimate and the thermal comfort 
conditions of an area are all correlated and move together. We can also be-
come aware of how many different parameters of these three aspects can be 
studied in order to draw these conclusions.  It is interesting to see that parame-
ters that are almost impossible to changed, such as the city layout, can intensify 
the UHI phenomenon alter the microclimate and decrease thermal comfort and 
to understand that this problem occurred due to the fact that it was never taken 
into account during the design phase of urban area. It is significant although for 
contemporary urban planners to take it into account. However, since there is 
little to do about that in already existing urban areas, emphasis should be given 
to the best design of public open spaces in order to improve the microclimate 
and hence the thermal comfort conditions and reduce the UHI effect. For exam-
ple, a way to accomplished this is by increasing vegetation in urban areas.  
However, the studies analysed above give notice to parameters that influence 
the atmospheric UHI. Another type of Urban Heat Island that has been studied 
is surface UHI. The difference between surface UHI and atmospheric UHI is 
that atmospheric UHI is defined by using air temperatures taken by regular, 
ground meteorological stations. On the other hand, surface UHI is estimated by 
measuring the thermal radiation emitted by the surface. M. Stathopoulou et al. 
[36] conducted a study focusing on the surface UHI. They evaluate the thermal 
environment of five major cities in Greece during warm season; they detect hot 
spots, areas of intense thermal radiation, and estimate daytime UHI. The five 
cities that are studied are Athens, Thessaloniki, Volos, Patra and Heraklion. To 
estimate surface UHI Satellite images combined with land cover information 
were used. The land cover types used are five. Urban/densely built areas, sub-
urban areas, mixed urban areas, rural areas and sea areas. Satellite images of 
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surface temperatures of the cities and land cover maps are integrated and 
mean surface temperatures are calculated for each type of land cover. The 
study concludes that mixed urban areas in all of the cities had high surface 
temperatures. Thessaloniki had the highest surface UHI followed by Patra. Ath-
ens and Thessaloniki’s mixed urban areas were hot spots. In Athens and Hera-
klion suburban and mixed urban areas were warmer than the central urban are-
as when compared to rural areas. In Volos urban areas were warmer than rural 
areas and mixed urban areas that included some industrial activity were found 
to be hot spots [36].  
In all studies the complexity of this phenomenon is apparent. Even though it is 
such a well studied phenomenon, it is area specific, depending and being influ-
enced by a significantly large amount of parameters making it impossible to 
draw general conclusions even when dealing with a small area.  
3.2 Urban microclimate and thermal comfort evalua-
tion 
In order to improve outdoor conditions a large-scale project started in 2001 for 
the evaluation of comfort conditions across Europe. Project RUROS (Rediscov-
ering the Urban Realm and Open Spaces) lasted until 2004. Its scope was to 
examine, evaluate and improve the quality of outdoor urban spaces by improv-
ing environmental and thermal, visual and audible comfort conditions in open 
spaces. In order to evaluate the prevailing conditions, 10.000 questionnaires 
were completed. The project included field surveys across Europe. Fourteen 
different sites, in five different European countries were studied. Studies took 
place in Athens (GR), Thessaloniki (GR), Milan (IT), Fribourg (CH), Kessel (D), 
Cambridge (UK) and Sheffield (UK). In each city two areas with different char-
acteristics were examined.  
M. Nikolopoulou and S. Lykoudis [37] analyse the thermal comfort conditions of 
these areas. The results show a correlation between microclimate and comfort 
conditions. Air temperatures along with solar radiation are found to be important 
parameters that influence comfort conditions. These conditions were examined 
from July 2001 until September 2002 in order for the survey to cover all sea-
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sons. All cities had an over 75% comfort level throughout the year, even though 
the cities have very different climatic conditions. This proves that physical and 
psychological adaptation is present. Physically, people adapt through clothing 
variations and change in activities each season. With higher air temperatures, 
activities that have a slower metabolic rate are preferred.  Psychologically peo-
ple expect certain changes, such as warmer temperatures in autumn, since it 
follows summer than in spring, since it follows winter. It was also noted that 
people who chose to be present in an outdoor space and to be exposed to cer-
tain environmental and comfort conditions are more tolerant to them than those 
who are obliged to be there [37]. Even though the sites studied in this project 
had a very different climate air temperature and solar radiation were found to be 
important variables influencing thermal comfort at all sites. It was concluded that 
climatic variables and the microclimate are not the only parameters influencing 
thermal comfort but that physical and psychological adaptation play an im-
portant role in thermal comfort. However the adaptation is not in the scope of 
this thesis and will not be analysed any further. 
Following M. Nikolopoulou and S. Lykoudis [38] decide to take project RUROS 
a step further by examining the effect the microclimate has on the use of urban 
spaces using Athens, Greece as the reference site but generalising the results 
for the Mediterranean climate. The study includes some of the results of the 
RUROS project. Two areas in Athens were chosen. They are both in the munic-
ipality of Alimos but have very different characteristics. The first site is 
Karaiskaki Square and the second is the seashore of Alimos. Field surveys 
were conducted in both areas from July 2001 to March 2002 as to enclose all 
seasons. The people in different spaces of each area were counted in order to 
evaluate the use of the outdoor space. The microclimatic conditions were also 
monitored using mini portable weather stations. The sites were monitored on a 
weekly basis in order to capture weekly patterns. The surveys were carried out 
at different times according to the season. Once again, as in project RUROS, 
air temperature and solar radiation was found to be the most significant pa-
rameters influencing the microclimate and thus the use of space. A strong cor-
relation between microclimate and use of space was found. The distribution of 
the people at the sites is also found to be significant for the use of space and 
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changes according to the season. It was noted that during summer Karaiskaki 
Square had less people than Alimos seashore. This is probably due to the fact 
that people can swim at the seashore. In winter though Karaiskaki Square and 
in particular the areas with no shading were more popular than Alimos sea-
shore. Even though benches at Alimos seashore are not shaded and people 
can sit in the sun, the wind from the sea is chilled and has a negative effect. 
High wind speeds have a positive effect during summer, but during winter the 
effect is negative [38]. It is evident that even though air temperature and solar 
radiation were found again to be the most significant variables influencing the 
microclimate, as in project RUROS, the wind influences thermal comfort at a 
significant level as well. 
N. Gaitani, M. Santamouris and G. Mihalakakou [39] carried out a study on 
thermal comfort conditions in open spaces and focus on outdoor spaces once 
again in Athens. They use thermal comfort conditions as an indicator of the mi-
croclimate. They calculate thermal comfort conditions in twelve different outdoor 
spaces in Athens during summer. Using simulation tools they simulate the pre-
vailing condition of the areas and as a second scenario they simulate various 
architectural improvements to the areas in order to evaluate how they improve 
the microclimatic conditions as well as the thermal comfort conditions. Conclu-
sively, green spaces and high reflectivity and emissivity as well as the use of 
water spots to cool the air are the measures that influence the microclimate and 
are proposed [39].  
Similar studies have been conducted in other areas as well. A notable study of 
the microclimatic conditions in the Historic Centre in Tirana, Albania was carried 
out in order to rehabilitate specific open spaces [40]. Emphasis was given 
amongst others to the materials used the construction of buildings and infra-
structure since the city of Tirana has grown rapidly in the past years. These new 
constructions have led to environmental problems and degrading of the micro-
climate and by extension to poor comfort conditions. This study carried out by 
N. Fintikakis et al. aimed to improve the microclimate of the area by decreasing 
air temperature during the summer months and by this to improve thermal com-
fort conditions. Another goal of this study was to decrease pollution levels and 
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to reduce energy usage of the buildings surrounding the Historic centre. In order 
to achieve this goal the area’s climate was monitored during September 2008. 
Air temperatures, humidity levels, wind speed and direction, pollution levels and 
surface temperatures were monitored. By monitoring surface temperatures they 
concluded that materials that are shaded have much lower temperatures than 
those that are not. The colour of the material also influences its temperature. 
Higher temperatures occur on dark coloured materials than on light coloured 
ones. High reflectivity materials also have lower temperatures than low reflectiv-
ity materials. They concluded that the poor microclimatic conditions of the area 
are caused by the lack of shade and evapotranspiration (since there are no high 
trees), the use of inappropriate, dark materials in constructions and due to the 
heat from cars. The existing conditions were simulated with a simulation tool. 
Afterwards various improvement measures were proposed. Using a simulation 
tool once again the proposed measures were analysed to evaluate their impact 
on the microclimate. A comfort index that takes mean ambient temperature and 
wind speed into account was used to evaluate the thermal comfort of the peo-
ple. Before the proposed measures the comfort level was between warm and 
quite hot and after the interventions it was evaluated between warm and com-
fort. In this study, the influence of green, materials and anthropogenic heat on 
the microclimate is evident [40].  
3.3 Urban green  
Since this thesis is negotiating thermal comfort and urban microclimate in a 
Mediterranean city, previous studies that have examined the influence of urban 
green and vegetation in such cities are presented. Case studies from Greece, 
Italy, Portugal and Israel are presented. 
Dimoudi and Nikolopoulou [20] describe work that was carried out for the pro-
ject “PRECis: assessing the potential for renewable energy in cities”. Generic 
urban textures with and without vegetation were studied under typical climatic 
conditions of Athens through CDF analysis. Four different cases were studied. 
The base case consisted of buildings only. The central building was replaced 
with a park in the second case and in the third case the size of the park was 
larger. In the fourth case both the size of the buildings and the park were in-
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creased. It was found that vegetation affects the ambient air temperatures sig-
nificantly. It does not only influence the temperatures inside the park but also 
the temperatures of the street on the leeward side of the park. If the green area 
is increased, the reduction in the ambient air temperature is greater. The results 
of the study show that for every 100 m2 of vegetation added to the park, the 
temperature is reduced by 1K and for every 10% increase to the green to built 
area ration a 0.8K reduction is expected [20]. 
An existing green area in Athens, specifically the National garden, has been 
studied in order to evaluate the effect it has on the thermal environment of the 
surrounding area [41]. The study was conducted in two different scales. Firstly 
the temperature in the garden was compared to the temperature of the immedi-
ate surroundings. However, the influence of the garden in surrounding tempera-
tures was not clear since it depended significantly on the characteristics of the 
surrounding areas. When the temperatures of the garden were compared to the 
temperatures of location situated in the wider city area, it was found that the 
garden influences the temperatures since lower temperatures were found in it. 
Various parks in Florence, Italy, with different surfaces were studied in [42], 
both in summer and winter, aiming to evaluate the thermal differences accord-
ing to the size of the green area and the vegetation coverage. The study con-
cludes that even small areas of vegetated areas can influence the air tempera-
ture. However, the larger the green area is the more evident the temperature 
difference. During winter and during summer nights there is a linear relationship 
between the temperature reduction in urban and green areas. The discomfort 
index rises during winter due to this temperature difference in green areas but 
reduced during summer. As far as human comfort is concerned, the most com-
fortable microclimate was found to be a small green area surrounded by hous-
es. This area performed best during both months.  
The thermal performance of a small green space in Lisbon was evaluated in or-
der to assess its influence on the microclimate of the area. The garden was 
found to be cooler both in the sunny and the shaded areas in comparison to 
shaded areas outside the garden. However, when streets with trees were stud-
ied and compared with streets without trees, the mean temperatures found were 
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very similar. This could be explained due to the heavy traffic load that existed in 
the street with the most trees. The results of the study conclude that green 
spaces in urban areas create a park cool island and this effect is mostly evident 
in cities with urban heat island and on hot and dry days in cities with a Mediter-
ranean climate [43]. 
Another study was conducted in Lisbon for a medium-sized green space aiming 
to evaluate thermal differences once again between the green area and the built 
environment during the day and night [44]. The green space studied was the 
Gulbenkian Park. During summer, in 83% of the cases the median temperature 
in the park was lower than the temperature of the surrounding built environ-
ment. During winter the differences were hardly noticeable. The largest differ-
ence found was during the summer with very hot conditions and was equal to 
9.5°C [44]. It was found that thermal differences and solar radiation are corre-
lated. Measurements were taken inside and outside the park in areas with shad-
ing and without. It was found that areas outside the park with shading were 
cooler than areas inside the park without shading. However, non shaded areas 
in the park compared to non shaded areas outside it were found to be cooler. 
Conclusively, the green space was cooler during all seasons, with the difference 
in temperature being more significant during summer. The highest difference 
found between shaded areas was 5°C and between non shaded areas between 
2°C and 3°C [44]. 
Three parks with different vegetation and tree types are studied in Tel Aviv and 
the results are presented in [45]. Climatic parameters were measured in the 
parks and in the surrounding built environment in order to compare them. The 
first park studied had grass and a few small trees. The second had medium 
sized trees and the third park had high trees with a wide canopy. It was found 
that in the third park the maximum difference found in temperature was 3.5°C. 
In the second park the maximum difference was 2.5°C but during the night due 
to the reduction of wind velocity and the increase in humidity the park had un-
pleasant climatic conditions. The first park was found to be warmer than the 
other two parks and even than the surrounding urban area and presented the 
worst thermal comfort conditions. The highest cooling effect was noticed in the 
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park with high and wide canopy trees as well as the best human comfort condi-
tions. It was proven that solar radiation is one of the most significant factors that 
influence human thermal comfort. The study concluded that parks increase hu-
midity but that does not mean that they will always be cooler and that parks 
containing trees have the potential to decrease air temperatures during the day 
since they block solar radiation.  
3.4 Structure materials  
Various studies have been carried out in order to evaluate thermal and optical 
properties of various materials to find the most appropriate to be used in an ur-
ban environment.  
Doulos et al. [46] study ninety three different materials in relation to the surface 
temperature. Infrared thermograph imaging was used for the measurements. It 
was found that mean daily surface temperatures vary from 29.7°C, the tempera-
ture of a white marble tile, to 46.7°C, the temperature of a black asphalt tile. 
Most of the materials had a higher average surface temperature than the aver-
age air temperature except for the white marble tiles. It was concluded that dark 
coloured materials are warmer than light coloured ones and smooth and flat 
tiles do not heat up as much as rough and anaglyph surfaces. Asphalt devel-
oped the highest surface temperature due to its dark colour and rough surface. 
Marble, mosaic and stone tiles were found to be cooler than the rest of the con-
struction materials. The study also revealed that the construction material af-
fects emissivity and thus determines the thermal balance during the night and 
surface colour affects the albedo and thus influences the thermal balance dur-
ing the day. Therefore it is important for the material as well as its colour to be 
taken into account when lower surface temperatures are desired [46].  
A solution for pavements with better thermal performance is permeable pave-
ments. Studies that have been conducted for this type of pavements are pre-
sented below. 
Permeable pavements 
Asaeda et al. [24] conduct a study at the Saitama University Campus in Tokyo 
to evaluate the heat storage of pavements as well as its effect on the lower at-
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mosphere on summer days. Various pavement materials were observed as well 
as soil. It was found that asphalt heats up more than other materials and re-
leases a large amount of heat to the atmosphere. Concrete pavement of black 
colour stored heat during the day and released it to the atmosphere during the 
night. During the day the black coloured concrete pavement had a lower surface 
temperature than the asphalt pavement but its surface temperature was higher 
during the night due to large heat storage below the surface concluding that 
lower heat conductivity pavement materials result in warmer days in contrast to 
high conductivity pavement materials that result to warmer nights [24]. Accord-
ing to the same study, soil absorbs large amount of solar radiation but the sur-
face is heated at a slower rate than that of other materials due to the use of so-
lar radiation for the evaporation process of the water in soil. Asaeda et al. [24] 
recommend that pavements in urban areas should be constructed with water 
permeable pavement materials in order reduce the effects of pavements on the 
thermal climate of an urban area.  
Another study is conducted by Asaeda et al. in 2000 [47]. In this study the ther-
mal characteristics and behaviour of permeable and typical pavements are ana-
lysed during the summer along with the impact they have on the thermal envi-
ronment. Field experiments were carried out where ten sample blocks of differ-
ent types of pavement materials were tested. Out of the ten materials many had 
similar behaviour and thermal characteristics and thus only four where analysed 
eventually. The types of surface materials evaluated were porous block pave-
ment, dark non-porous asphalt, natural grass and ceramic porous pavement. 
The porous block pavement was found to be rather dry since it could not retain 
water in its pores because of their large size. Since no water was retained no 
evaporation was observed and thus the solar radiation that was absorbed was 
used to heat up the surface as in the case of the black non-porous asphalt. The 
porous bock pavement and the non-porous asphalt developed very high tem-
peratures that reached up to 54°C at noon [47]. The ceramic porous pavement, 
due to the various pore sizes in its structure, could withhold water for several 
days as well as absorb a large amount of water from the underlying soil. Evapo-
ration was observed and therefore lower surface temperatures were developed 
than those of the non-porous asphalt and the porous block pavement. The tem-
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perature of this sample was almost the same as the natural grass sample with 
the grass sample having a slightly lower surface temperature. At noon they de-
veloped similar temperatures that reached 43°C [47]. The heat storage and 
temperature below the surface of the samples practically followed the same pat-
tern, with some alterations. The porous block pavement had higher sub surface 
temperatures during the day and stored more heat than the non-porous asphalt 
sample, because of the higher conductivity value of the materials. Hence, dur-
ing the night the two samples had almost the same surface temperature or the 
porous block would develop higher temperatures. The ceramic pavement had a 
lower sub surface temperature than the porous block and the asphalt material, 
but was higher than the grass sub surface temperature due to the higher con-
ductivity value of the ceramic pavement. The natural grass sample appeared to 
have the lowest surface temperature than all as well as the lowest sub surface 
temperature since it has low conductivity. The soil under the sample did not 
heat up.  
Once again it is emphasized that natural surfaces have the appropriate thermal 
characteristics for an urban environment. However, due to the fact that pave-
ments can not be replaced by such surfaces, it is important to find materials that 
could replace the typical surface materials that are more environmental friendly 
and help mitigate the problems in urban areas.  
Cool materials 
For the above reasons, research has turned to materials with high solar reflec-
tance and infrared emittance values, namely cool materials. Even though the 
development of cool materials for roofs is highly developed, the same does not 
apply for cool paving materials. A few studies that have been conducted on var-
ious cool material technologies, most of which study reflective coatings. A few 
studies of reflective coatings are presented below along with a study for phase 
change materials and a study for thermochromic coatings. 
Reflective coatings 
Synnefa et al. [48] study fourteen different types of commercially available coat-
ings that where applied on concrete tiles. The thermal performance of these 
coatings was monitored by infrared thermograph imaging throughout the day in 
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order to evaluate the rise in their temperature during the day and their cooling 
potential during the night. The same measurements were done for an uncoated 
concrete tile, a black coated tile, a white marble tile and a white mosaic tile in 
order to compare the findings. Tiles with white coating were found to have the 
minimum daily surface temperatures. The maximum surface temperatures were 
observed for silver coloured coatings. The white coatings had higher emissivity 
than the silver coloured aluminium-pigmented coatings. During the day white 
coloured coatings reduced the temperature of the concrete tile. On the other 
hand the silver coating increased the temperature. In the warmest month the 
black coated concrete tiles had a higher temperature than the uncoated one. 
The majority of coatings reduced the temperature of the concrete tile during the 
night. In comparison to the ambient air temperature, all the coated tiles had 
higher average surface temperature than the ambient air temperature. Howev-
er, during the night all coated tiles had lower average temperatures than the 
ambient air temperature. Half of the coatings thermally performed better during 
the day than the marble and mosaic tiles. During the night the mean tempera-
ture of the coated tiles were very similar or slightly higher than those of the 
marble and mosaic tiles. This study shows the significant effects that reflective 
coatings can have in the heating of urban surfaces and therefore in the mitiga-
tion of the urban heat island phenomenon. 
Another study evaluates the thermal and optical properties of ten prototype cool 
coloured coatings that contain near infrared reflective colour pigments and 
compares them to conventionally pigmented coatings of matching colour [49]. 
The cool coloured coatings have the same visible reflectance as the conven-
tional coatings. However the cool coloured coatings reflect large parts of the so-
lar infrared radiation instead of absorbing it and by this, lower surface tempera-
tures are achieved. The maximum solar reflectance difference that was found 
between cool coloured and conventional coating was equal to 22 with a corre-
sponding 10.2°C temperature difference [49]. 
Cool coloured thin layer asphalt is another technology that could help reduce 
ambient air temperatures in urban areas. According to [50], after five different 
coloured thin layer asphalt samples were tested along with a reference conven-
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tional black asphalt sample, it was concluded that all thin layer asphalt samples 
had higher reflectance values and lower surface temperatures than the conven-
tional black asphalt sample. The reflectance of the black asphalt sample was 
found to be equal to 4%, a much lower value than the 27% reflectance found for 
the red and green thin layer asphalt samples and the 55% reflectance of the off-
white thin layer asphalt sample. The research of this study did not stop here. A 
CDF simulation was conducted in order to evaluate the influence of thin layer 
asphalt in an urban environment. It was found that when the off-white thin layer 
asphalt was applied to a road a temperature reduction of 5°C in the air tempera-
ture was noticed [50]. 
Phase Change materials 
Thirty six coatings of different colour and different quantities of PCM and differ-
ent melting points were studied and presented in [51]. Cool coatings and com-
mon materials of the same colour were also evaluated in order to compare 
them. It was found that all phase change materials developed lower surface 
temperatures than the common materials and cool coatings. PCM doped coat-
ings in comparison to common materials developed 2.9°C to 8.3°C lower sur-
face temperatures. In comparison to cool coatings, PCM doped coatings had 
differences in surface temperatures ranging from 0.6°C to 2.6°C. It was con-
cluded that the application of PCM doped coatings on urban structures can low-
er urban surface temperatures and thus reduce the urban heat island.                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Thermochromic coatings 
Eleven developed thermochromic coatings for buildings and urban structures 
are studied and compared to common materials and high reflective coatings by 
Karlessi et al. The colour changing temperature of these thermochromic coat-
ings was 30°C. In [52], the thermochromic coatings were divided into two 
groups, coatings with TiO2 and coating without TiO2. Thermochromic samples 
with TiO2 had lower surface temperatures than thermochromic coatings without 
TiO2. It was noticed that the thermochromic coatings were colourless at high 
temperatures and thus reflected solar energy, opposing to low temperatures 
were they were coloured and absorbed solar energy. All thermochromic coat-
ings developed lower surface temperatures than the common and cool samples 
of the same colour even during the thermochromic coatings coloured phase. 
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Thermochromic coating developed temperatures between 23.8°C and 38.4°C, 
cool materials developed temperatures between 28.1°C and 44.6°C and com-
mon materials developed temperatures between 29.8°C and 48.5°C [52]. 
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4 Urban Area and Climate of the 
Municipality of Kalamaria 
4.1 Municipality of Kalamaria 
The municipality of Kalamaria (40° 34' 57" N, 22° 57' 1" E) is situated on the 
southeast area of Thessaloniki and reaches up to the Thermaikos Bay. The 
municipality covers an area of 7200 acres, or 29 km2. It is surrounded by sea on 
the Northwest and Southeast side of it [19]. The total coastline is 6.5 km long. It 
has a typical Mediterranean climate and the summers are hot and dry. The wind 
regime is usually moderate north-northwest in the morning and weak southeast 
during the afternoon [19]. It is one of the most developed municipalities in 
Greece regarding the population, its development and its commercial activities. 
It is considered the second largest municipality in Thessaloniki in terms of popu-
lation. In the whole of Greece it is the ninth largest [53]. As seen in table 6 
(Table 6), the population according to the 2001 population census was 87,312 
people. This shows an increase of 12.4% since 1991 population census. The 
rate of the municipality’s population growth is around 8.2% [54].  
Table 6: Location data and population statistics for Kalamaria 
Municipality of Kalamaria 
Coordinates 40° 34' 57" N, 22° 57' 1" E 
Area 29 km2 
Coastline 6.5 km 
Population 87,312 
Population density 13,642.5 people/km2 
Annual growth rate 8.2 % 
Source: [54]  
The municipality of Kalamaria is a residential area with its own commercial cen-
tre, sufficient infrastructure, schools etc. The commercial centre is situated on 
and around the pedestrian street, part of which is adjacent to the City Hall 
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Square. Even though the municipality of Kalamaria is one of the most devel-
oped, especially in terms of economy, it has a lack of green open public spaces. 
Taking into account the land use in this part of Thessaloniki, it is evident that the 
area is mostly build making it hard to find space for the construction of open 
public spaces. However, the existing spaces could be reconstructed in a more 
pleasing way.  
As mentioned before, the world standard average of green spaces to citizen is 
8-10 square metres. In Greece, ten square metres per citizen is considered an 
acceptable level. Unfortunately though, such levels are scarce in Greece. The 
city of Thessaloniki has an average of 1.4 square metres per citizen [19]. In 
Kalamaria this percentage is higher and equal to 5.58 square metres per citizen 
with 9.93% of the total area consisting of green spaces [55].  
Even though the green areas are not so many, the existing ones contribute in 
the improvement of the microclimate of the area. The microclimate of the area is 
better than that of the city centre. The seafront and thus the sea breeze, the 
land use, the lower building density in comparison to the city centre and the lo-
cal winds also improve the microclimatic conditions [19].  
4.2 GRaBS project  
4.2.1 What is it? 
GRaBS (Green and Blue Space Adaptation for Urban Areas and Eco towns) is 
an urban green and blue space adaptation project. Various organizations take 
place in this project in order to adapt regional planning and development to cli-
mate change. A total of fourteen partners take place in this project, from eight 
member states [53]. These member states and the partners are shown in the 
table below (Table 7). 
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Table 7: Member states and partners taking place in the GRaBS Project 
Member States Partners 
Austria Provincial Government of Styria 
Greece Municipality of Kalamaria 
Italy 
Etnambiente SRL / University of Cata-
nia / Province of Genoa 
Lithuania KU CORPI 
Netherlands 
The Amsterdam City District of Nieuw-
West 
Slovakia 
Regional Environment Centre for 
Eastern Europe (Slovakia) 
Sweden City of Malmö 
UK 
TCPA / University of Manchaster / 
London Borough of Sutton / NWDA / 
Southampton City Council 
Source: http://www.grabs-eu.org/partners.php 
 
The GRaBS project is financed by the European Union's Regional Development 
Fund and the funding is approximately 300 million euros. According to the 
GRaBS project’s site the main objectives of the project are [53]: 
 To raise awareness and increase the expertise of key bodies responsi-
ble for spatial planning and development as to how green and blue in-
frastructure can help new and existing mixed use urban development 
adapt to projected climate scenarios. 
 To assess the delivery mechanisms that exist for new urban mixed use 
development and urban regeneration in each partner country and to 
develop good practice adaptation action plans to co-ordinate the deliv-
ery of urban greening and adaptation strategies, as well as cooperation 
amongst: planners, policy-makers, stakeholders, and local communities 
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 To develop an innovative, cost effective and user friendly risk and vul-
nerability assessment tool, to aid the strategic planning of climate 
change adaptation responses 
 To improve stakeholder and community understanding and involve-
ment in planning, delivering and managing green infrastructure in new 
and existing urban mixed use development, based on positive commu-
nity involvement techniques 
4.2.2 GRaBS project and the Municipality of Kalamaria 
As mentioned before, Thessaloniki and thus the Municipality of Kalamaria have 
a typical Mediterranean climate with hot and dry summers. The Municipality of 
Kalamaria, at its present state does not have any significant green infrastructure 
even though it could help mitigate problems experienced because of the urban 
environment. The Municipality also expects a great increase in the use of air 
conditioning units that could only intensify the UHI phenomenon in an urban ar-
ea and thus impact the climate. This is the reason the municipality takes place 
in this project. Its goal according to the GRaBS site is to “develop awareness 
and knowledge amongst local and regional planners, developers, urban design-
ers and architects, about the important role and multi-functionality of green and 
blue space infrastructure in creating climate change resilient development. The 
ultimate objective is to provide a higher quality of life for communities in the mu-
nicipality’s urban areas.” [53]. 
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5 Methodology 
The methodology of this study is of multidisciplinary character. Its main objec-
tive is to understand how the microclimate and in turn the thermal comfort in an 
urban area are influenced by parameters such as the selection of materials to 
be used in urban structures and the amount of green in outdoor areas. The 
study is approached in a combined quantitative method through experiment and 
simulation.  
The experimental part of the study focuses on the measurement of the micro-
climatic conditions and the evaluation of thermal comfort conditions of two sig-
nificantly different in characteristics areas in the Municipality of Kalamaria. The 
sites chosen are different in terms of green and surface materials. 
With the numerical simulation the aim was firstly to determine the impact of in-
dependent variables on the microclimatic and thermal comfort conditions and 
secondly to predict the effects of possible interventions that could be imple-
mented. 
5.1 Description of selected sites 
For the purpose of this study, two significantly different sites were selected. The 
different in characteristics sites were selected deliberately. The aim was to 
compare the prevailing conditions and to examine the impact if independent 
variables were to be altered. The main differences of the two sites are the sur-
face materials as well as the existence of vegetation and green.  
5.1.1 Site A 
The first selected site, site A, is the City Hall Square in Kalamaria (Figure 5). It 
is situated in a densely built area, it has limited vegetation and is paved with 
grey concrete tiles. In areas of the square’s perimeter, surrounding several 
green areas, black graphite slabs have been fitted that are used as seating. The 
Northeast side of the square is adjacent to a pedestrian street that attracts 
many inhabitants of the area and others that come for shopping, for food or 
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drinks, for walks, in order to accompany their children for play and other activi-
ties. It has multiple purposes and attracts various age groups, from very young 
children to pensioners. The city hall building is situated on the Northwest of the 
square. It is a low, but long, two storey building. On the southeast side of the 
square there is a construction with shading louvers and benches situated under 
it for visitors of the square. The material used for the paving under the canopy is 
red cement gravel. Behind the benches there is an area covered in grass with a 
water feature. However this area is significantly small compared to the size of 
the square. On the southwest side there are tables and chairs from a cafeteria 
as well as on the east side. There are a few trees situated around the square 
that provide some shade. 
 
                                                                                                          Source: Google Earth 
Figure 5: View of City Hall Square from above 
There are a few trees situated in the pedestrian street. Some of the trees on the 
pedestrian street have benches beneath them. The pedestrian street is paved 
with concrete slabs of different colours in different areas. There are red, yellow 
and dark grey gravel tiles. Apart from the city hall building there is a small build-
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ing to the left of it (it cannot be seen in figure 5 since it is hidden by the trees) 
and another small building on the southeast side of the square. 
5.1.2 Site B 
The second site is the old tobacco warehouses (Figure 6). It is a twenty seven 
acre piece of land that has only the bases of the warehouses since they burned 
down. There are two concrete paved bases on the site along with a third base 
that has been turned into two basketball courts that are currently paved with as-
phalt, as well as a gravel paved soccer field. The rest of the area has soil and 
vegetation as a surface material. There are many trees in the area. The trees 
situated centrally are relatively small. The perimeter of the area however is cov-
ered by large trees and on the northeast side of the basketball courts there is a 
small boscage with large trees. Under a few trees in the central area there are 
benches. In the central area there is a playground for children to play. The pas-
sages between the bases are paved with lose grey gravel. 
 
                                                                                             Source: Google Earth 
Figure 6: View of old tobacco warehouses from above 
 54 
The area is mainly visited by inhabitants of the surrounding area. The area at-
tracts adults accompany their children in order for them to play, teenager and 
adults that go for walks as well as children and a few adults that play soccer or 
basketball. 
5.2 Data collection 
5.2.1 Climatic data collection 
In order to evaluate the microclimate and the thermal comfort conditions of the 
area, measurements of specific climatic parameters were needed. In addition, a 
number of questionnaires were filled out. A total of twenty questionnaires were 
filled out at each site on two different days in July in the late afternoon.  
On site the questionnaires were completed with simultaneous recording of the 
air temperature and the humidity levels. The air temperature and humidity were 
monitored by using the HOBO U14 Temperature/Relative Humidity data logger. 
Thermal images of the two sites, with the use of a thermal infrared camera, 
were captured in order to monitor the surface temperatures of the two areas. 
The rest of the needed climatic parameters such as wind speed and wind direc-
tion were taken from the meteorological station of the Aristotle University of 
Thessaloniki. For the evaluation of the thermal comfort, a five point scale was 
used, where -2 was considered very cold and 2 very hot. 
Various people of different gender, age groups and activities, situated in differ-
ent spots of the two areas were questioned. On each questionnaire the air tem-
perature, the humidity, the areas characteristics, such as material used for pav-
ing, colour of material and the existence of green were put down along with the 
gender and age group of the questioned individual, the reason for their visit to 
the area and their level of thermal comfort. The questionnaire used can be 
found in Appendix 2. 
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5.3 Simulation of microclimate and outdoor thermal 
comfort 
5.3.1 ENVI-met simulation model 
For the evaluation of the microclimate and the outdoor thermal comfort the EN-
VI-met simulation model will be used. ENVI-met is a microclimate model that 
simulates and evaluates the microclimate in an urban environment. It is based 
on three dimensional computational fluid dynamics (CFD) and energy balance 
model. The model is designed to simulate the microclimate by taking into ac-
count the micro-scale interactions in the urban environment between the at-
mosphere, the surface, the buildings and the existing vegetation. The typical 
time frame of the model is between 24 and 48 hours. The maximum time step 
that can be used is 10 seconds.  
As a first step for the analysis of a model an area input file must be created. The 
file consists of a main model area divided into grid cells, whose size are defined 
by the user. The model can cover areas from 100m x 100m up to 1km x 1km 
with a grid size extending from 0.5m to 5m. The input data necessary for the 
program to run are the climatic data such as air temperature, wind speed and 
direction and humidity, data for the buildings such as indoor temperature, heat 
transmission of the building elements (u-values) and albedo values for both 
walls and roof. It is also required to insert the longitude and latitude of the stud-
ied area.  
The second step of the simulation process is the creation of a configuration file. 
The main configuration file consists of the name of the simulation, model area 
and output files, the date and time the simulation will start, the total simulation 
time and climatic data. Different sections can be added to the configuration file 
as well. If no additional sections are added, the default values that exist in EN-
VI-met are used. 
After these files are created the model can be run. There are three versions 
available depending on the size of the model grid. The three versions are 
100x100x30, 180x180x30 and 250x250x30. 
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The model generates a large amount of output files. The output files contain all 
data regarding the state of the model, in specific the atmosphere, surface and 
soil output data. These files are binary files that can be visualised with the LE-
ONARDO software through the creation of two dimension maps. XTract soft-
ware can be used as well.  
5.3.2 ENVI-met limitations 
The ENVI-met model has a few limitations that should be taken into account. 
Firstly the model can be used only for micro-scale modelling and the model 
times are limited. Additionally the only features of the urban environment that 
can be designed in the model area are buildings, ground material such as soils 
and pavements and trees and vegetation. Shading structures for example can-
not be created. It should be pointed out that the buildings in the model all have 
the same indoor temperature and no thermal mass along with the same albedo 
and thermal resistance for walls and roofs. These parameters cannot be differ-
ent for individual buildings making the model unrealistic which is a significant 
limitation. Furthermore water bodies are part of the soil profile and thus only still 
water can be analysed making it impossible to add fountains to the model. 
5.4 Measurements 
5.4.1 Climatic parameters 
The climatic parameters that were measured on site were temperature and hu-
midity. Day one had significantly higher temperatures than day two. The humidi-
ty levels were very similar. The wind speed and wind direction data was taken 
from the meteorological station of the Aristotle University of Thessaloniki. Both 
days had very low wind speeds and wind directions fluctuating from 160° to 
230°. The climatic data collected for the city hall square and the old tobacco 
warehouses are presented in the table below (Table 8). 
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Table 8: Climatic data measurements 
Day 
Air 
temperature 
(°C) 
Relative 
Humidity (%) 
Wind speed 
(m/s) 
Wind direction 
(°) 
City hall Square 
1 35.5-36.1 32 0-0.7 160-230 
2 31.2-31.4 30 0-0.7 160-230 
Old tobacco warehouses 
1 35.1 35 0-0.7 160-230 
2 30.4 28 0-0.7 160-230 
5.4.2 Surface temperatures 
The surface temperatures were calculated by thermal infrared camera. The cap-
tures were taken at between 19:00 and 20:00 on a random summer day in July 
on both sites. The time was selected in order to see how the materials react 
when the solar radiation is not strong and the materials release the heat they 
have accumulated in their mass during the day.  
Even though the images (Figure 7) were captured in the early evening the con-
crete tiles used to pave the city hall square had developed very high tempera-
tures. As it can be seen in the thermal infrared image of the concrete tiles the 
maximum temperature that was developed was 44.7°C and the lowest was 
38°C which was noticed on the marble strips that are placed between the blocks 
of concrete tiles. It is evident that these temperatures are higher than the ambi-
ent air temperature. In the second image, showing an overview of the square 
the maximum temperature is noticed on the concrete tiles again and is approx-
imately equal to the value depicted before. The lowest temperature in this cap-
ture is in the green area that is situated on the northeast side of the square. The 
temperature of this area is equal to 32.3°C. The value is not precise since the 
angle of the image is not the appropriate. In the third image the difference in 
temperature between the concrete tiles and the green space is more evident. 
The minimum value in this case is 29°C and the maximum is 44.5°C. The pe-
destrian street which is with different types of paving has surface temperatures 
between 40°C and 44.8°C.  
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At the second site (Figure 8), the old tobacco warehouses the maximum tem-
peratures were noticed on the asphalt paved basketball court. The temperature 
developed in that area reached 42.9˚C. The boscage in the background has a 
temperature of 31.8 ˚C but once again this value is not precise due to the angle 
of the capture. The vegetated are of the site has a surface temperature of 31 ˚C 
and the concrete bases surface temperatures rise up to 40.8 ˚C. 
The difference in temperature between natural materials and artificial materials 
is evident. Natural materials have a temperature very similar to that of the am-
bient air temperature but artificial materials develop much higher temperatures. 
All the excess heat that artificial materials store in their mass is given out to the 
environment and thus has negative effects on the surrounding microclimate. 
From the measurements done at the two sites it is evident that the City Hall 
Square had significantly higher temperatures than those of the old tobacco 
warehouses.  
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Figure 7: Thermal imaging of City Hall Square and pedestrian street 
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Figure 8: Thermal imaging of old tobacco warehouses 
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5.4.3 Questionnaires 
Site A – City Hall Square 
Totally twenty questionnaires were completed for this site on two different days 
in July during late afternoon hours. On the first day the air temperature was 
35.5°C in the square and its perimeter. On the pedestrian street however, which 
is adjacent to the square, the temperature was higher and reached 36.1°C. The 
relative humidity was 32% at both areas. On the second day the air temperature 
in the area of the square was 31.2°C and 31.4°C on the pedestrian street. The 
relative humidity was 30% in both areas.  
The majority of the thermal comfort votes on day one were “Very hot” votes. 
The individuals questioned were passing by, working or sitting in the surround-
ing cafeterias in the area. They belonged to various age groups and both gen-
der.  
On day two, the majority of the votes were “Neutral”. The “Very hot” votes were 
given by individuals that were working in the area. They belonged to the same 
age group but opposite gender. 
The thermal comfort votes for each day separately are presented in the follow-
ing table.  
Table 9: Thermal comfort votes per day 
Day 1 Day 2 
Level Percentage Level Percentage 
 0 Neutral 10%  0 Neutral 60% 
 1 Hot 40%  1 Hot 20% 
 2 Very hot 50%  2 Very hot 20% 
With a total of twenty questionnaires completed in two days and four different 
temperatures on Site A, the overall thermal comfort that was evaluated for both 
days in total can be seen in the following graph (Graph 1). 
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Graph 1: Percentage of thermal comfort votes 
Site B – Old Tobacco Warehouses 
Another twenty questionnaires were completed for site B on the same two days 
in July as for site A at late afternoon hours. On the first day the air temperature 
was 35.1°C throughout site B. The relative humidity was 35%. On the second 
day the air temperature was equal to 30.4°C. The relative humidity was 30%. 
The thermal comfort votes for site B on both days separately are given in the 
below table (Table 10).  
Table 10: Thermal comfort votes per day 
Day 1 Day 2 
Level Percentage Level Percentage 
 0 Neutral 14%  0 Neutral 67% 
 1 Hot 43%  1 Hot 42% 
 2 Very hot 43%  2 Very hot 0% 
Day one had very high temperatures and most votes were “Very hot” and “Hot”. 
The individuals that were asked were mainly adults of both genders and of the 
same age group accompanying a child to play.  
Day two had significantly lower temperatures than day one. Most votes were 
“Neutral” with a few “Hot”. No “Very hot” votes were given. On the second day 
people were passing by, or were there to accompanying a child to play, for 
walks or for multiple reasons. 
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With a total of twenty questionnaires completed in two days and on Site B, the 
overall thermal comfort that was evaluated for both days in total can be seen in 
the following graph (Graph 2). 
 Neutral
45%
 Hot
40%
 Very hot
15%
Very cold
0%Cold
0%
 
Graph 2: Percentage of thermal comfort votes 
5.4.4 Simulation process 
Input data for City Hall Square 
As mentioned above the first step of the simulation process is the creation of an 
area input file. For the creation of the City Hall Square’s area input file a grid 
size of x=2m, y=2m, z=2m was used. The total number of grid cells along the x 
axis were 60, the y axis 70 cells and the z axis 30 grid cells. Eight of those grids 
on the left and right side of the model and five of them on the top and bottom 
were added so the buildings could have a sufficient distance from the model 
border (Figure 10). The model area was rotated by 45 degrees. The buildings 
situated on the northeast and southwest boundaries of the model were created 
with an average height of 15 meters. The city hall building was created with a 
height of 8 meters and the smaller buildings with a height of 4 meters. 
In order to design the urban structure of site A figure 5 (Figure 5) was used 
along with the map seen in figure 9 (Figure 9).  
The second step necessary to run the model was the creation of the configura-
tion file. The simulation started on the 20/01/2011 and at 15:00. The total simu-
lation time was 30 hours. The initial temperature that was used for the simula-
tion was the average of the temperatures measured during the two day ques-
tionnaire process and was equal to 33.6°C. The wind speed inputted was 0.7 
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m/s. An average was not taken for this value since it is recommended to use 
values over 0.5 m/s in the model. The wind direction was 160°. The relative 
humidity was taken as 31%.  
 
                                                                                                                                Source: Municipality of Kalamaria 
Figure 9: Topographic map of City Hall Square 
Apart from the basic configuration settings additional sections were added. The 
position section was altered and the correct longitude and latitude values were 
inserted. In the building section the heat transmission values for the walls and 
roofs of the buildings were altered along with the albedo values. A u-value of 
1.00 W/m²K was used for both walls and roofs since it was assumed that the 
buildings had insulation on both vertical and horizontal building elements. The 
albedo used for walls was 0.6 and for roofs 0.2. Unfortunately these values 
cannot be different for each building. It was considered that for the PMV section 
an average state of the questionnaires that were completed was the best way to 
go. In most of the questionnaires the individuals were sitting in some area of the 
square. So the walking speed in this section was set to 0 m/s. According to the 
manual of ENVI-met the energy exchange value for a seated individual is ap-
proximately 70 and thus the mechanical factor according to the same source is 
0. Since it was a hot summer day, the clo-value used was that of casual cloth 
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with shorts and was equal to 0.4. The forced type of lateral boundary conditions 
was used.  
The model ran at the 100x100x30 version. The outputs produced from the 
model were visualized through the LEONARDO software and will be discussed 
in the next chapter. 
Input data for Old Tobacco Warehouses 
For the design of the second site, the old tobacco warehouses, the grid cell size 
was x=3m, y=3m, z=2m and the number of grid cells in the area were 74 on the 
x axis, 65 cells on the y axis and 20 grid cells on the z axis. In the image of the 
area input file (Figure 11) only the vegetation and trees are depicted. The rest of 
the elements of the area are depicted in the soil profile of the area. The model 
area was rotated by 30 degrees. In order to design the urban structure of site B 
figure 6 (Figure 6) was used.  
In the configuration file the simulation was set to start at 15:00 on the 
20/07/2011. The total simulation time was 30 hours. The initial temperature that 
was used for the simulation was the average of the temperatures measured 
during the two day questionnaire process and was equal to 32.7°C. The wind 
speed inputted was 0.7 m/s and the wind direction was 160°. The relative hu-
midity was taken as 32%. Once again the temperature and humidity values 
were the average of the temperatures and humidity levels measured during the 
two day questionnaire process.  
The additional sections of this configuration were the same as in the city hall 
square configuration file, with the same values except for the building section 
that was not added since there are no buildings in the model.  
The model ran at the 100x100x30 version. The outputs produced from the 
model were visualized through the LEONARDO software and will be discussed 
in the following chapter. 
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Figure 10: Area input file for City Hall Square 
 
Figure 11: Area input file for Old tobacco warehouses 
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6 Results 
In this chapter the results from the simulation of the microclimate and the ther-
mal comfort conditions in both areas are presented. The LEONARDO 3.75 
software was used to visualize the results. The results of both sites are ana-
lysed separately at first.  
6.1 Microclimate simulation 
The output files from the ENVI-met simulation model were analysed and visual-
ised through maps with the use of the LEONARDO 3.75 software. The air tem-
perature at 1.60 meters was visualized for both sites at five different hours of 
the day. The results along with the maps are presented below. 
6.1.1 City Hall Square 
Notes 
The step size of the temperatures in the different maps should not be ignored 
since they are coordinated to the colour scale.  
The first five and last five grids on both the x and y axis should not be taken into 
account since they are not part of the model area as mentioned before. 
It is recommended that the initialisation of the simulation is around noon. Since 
the simulation starts at 15:00 on the 20/07/2011 results for all hours of the day 
are available for day two and thus the results for the 21/07/2011 are analysed. 
Air temperatures at City Hall Square at 09:00 
From the visualisation of the output file that was produced for 09:00 on the 
21/07/2011 (Figure 12) it can be seen that the air temperatures around the 
green area with the water feature situated on the right side of the map are 
slightly lower than the air temperatures of the close surrounding area. However 
the other green area of the square seems to not influence the air temperature. 
This could be due to the fact that it is a relatively small area compared to the 
surrounding. However, it must be noted that in the middle of this green patch 
there is a concrete paved block. This surely influences the effect this green area 
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has on the surrounding environment. In reality though the concrete paved block 
situated in this green area is shaded by a shading structure. Unfortunately 
though as mentioned before shading structures cannot be created in the specif-
ic simulation model and it seems that this block is open to solar radiation. 
Therefore the reality is different to the outcome of this simulation concerning 
this area. The coolest areas depicted in this map are the areas which are shad-
ed at this specific time of the day. The buildings on the top of the map have a 
height of fifteen meters and thus shade the area in front. The warmest areas are 
those which are not shaded and are warmed by the sun. The bottom buildings 
which are in direct sunlight reflect the solar radiation from their walls and thus 
heat the area in front of them. The area behind the City Hall is warmer most of 
the day and this is due to the fact that the building is an obstacle to the wind 
flow.  
Air temperatures at City Hall Square at 12:00 
As the sun rises higher the square gets heated in more areas as it can be seen 
in the map (Figure 13). Once again the green area with the water feature influ-
ences the air temperature around the close surroundings slightly, even though 
the air temperature in that area is higher than in other areas of the square. The 
differences are not large but then again neither is the size of the green area. 
Green and vegetation can influence the surrounding air temperature but only 
slightly. Large temperature reductions cannot be accomplished only with vege-
tation especially with vegetation of this size. The green area with the concrete 
paved block in the middle along with the trees that are situated on the west side 
of it seem to cool the close surrounding area at a small level. At this time the 
area behind the City Hall is cooler than the wider area. Even though the building 
blocks the wind flow, at this time of the day the area is shaded by the building 
and thus the air temperatures are lower. The warmest areas are observed 
around the buildings on the top right corner and bottom area of the map. The 
temperature difference when comparing the maximum temperature observed in 
the area at 09:00 and 12:00 is approximately 6°C. 
Air temperatures at City Hall Square at 15:00 
The air temperature results for the City Hall Square that have been extracted 
from the simulation model for 15:00 are very similar to the results for 12:00 with 
   69 
hardly noticeable temperature differences (Figure 14). The distribution of the 
temperature is almost the same. The differences observed are in the area on 
left corner of the map which seems to have slightly lower temperatures at 15:00 
than it did at noon. The right side of the map also seems to have lower tempera-
tures. However the differences are very small and are not worth analysing. To 
understand this better the difference of the maximum temperatures of the area 
at both times was found to be only 0.4°C. 
Air temperatures at City Hall Square at 18:00 
The temperature distribution in the area is altered during the day (Figure 15). At 
18:00 the temperature distribution in the area is significantly different compared 
to that at noon and 15:00. The strip that was the warmest area during noon and 
15:00 is the coolest at this time of the day. Apart from the distribution, the air 
temperature seems to be significantly lower too with a difference in the maxi-
mum temperatures observed at 15:00 and 18:00 being almost 7°C. 
Air temperatures at City Hall Square at 21:00 
It is observed that the distribution of the temperature in the area moves towards 
the left part of the map as the hours of the day pass. At 21:00 it is noticed that 
the temperature distribution is similar to that at 18:00 with a few differences 
(Figure 16). It is observed that heat accumulates at the lower left buildings of 
the map and behind the City Hall building. However the air temperatures are 
much lower at this time of the day than earlier hours. If the maximum tempera-
tures calculated in the area at 21:00 and 18:00 are compared an approximately 
4°C difference is noticed. 
Observations 
The largest step sizes are present during noon and 15:00. At these times the 
steps are 0.76 and 0.61 respectively. A rise is noticed at 12:00 compared to 
09:00. After 12:00, which has the largest step size, a small reduction is noticed 
at 15:00 and after that there it reduces significantly ever studied hour. The step 
sizes show how large the air temperatures differences are in the area. During 
the hottest hours of the day, namely noon and 15:00, the difference in air tem-
peratures between the hottest and the coolest areas of the site are between 6°C 
and 7.5°C which is a significant difference.  
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It is observed that as the hours pass the hot spots seem to move towards the 
left side of the map. There is no specific explanation for this. However it could 
be caused due to the wind flow. The direction of the wind is from the right bot-
tom corner of the map towards the top left corner.  
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Figure 12: Air temperature at 1.60 meters at City Hall Square at 09:00 
                 
Figure 13: Air temperature at 1.60 meters at City Hall Square at 12:00 
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Figure 14: Air temperature at 1.60 meters at City Hall Square at 15:00 
                    
Figure 15: Air temperature at 1.60 meters at City Hall Square at 18:00 
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Figure 16: Air temperature at 1.60 meters at City Hall Square at 21:00 
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6.1.2 Old tobacco warehouses 
Notes 
The step size of the temperatures in the different maps should not be ignored 
since they are coordinated to the colour scale.  
The bottom left corner grids in the map with no vegetations or trees should not 
be taken into account since it is not part of the model area.  
It is recommended that the initialisation of the simulation is around noon. Since 
the simulation starts at 15:00 on the 20/07/2011 results for all hours of the day 
are available for day two and thus the results for the 21/07/2011 are analysed. 
Air temperatures at old tobacco warehouses at 09:00 
From the visualisation of the output file that was produced for 09:00 on the 
21/07/2011 for the old tobacco warehouse site (Figure 17) it can be seen that 
the temperatures in the area range from approximately 31°C to 36°C. The step 
size of this map is equal to 0.5. It is observed that the areas with natural surface 
materials have the lowest air temperatures in the area. The highest air tempera-
ture is noticed at the asphalt paved basketball court. The soccer field covered 
with gravel also has higher air temperatures than the natural materials. The 
concrete paved bases have air temperatures ranging between 33°C and 
35.4°C. This proves that the surface material does influence the air temperature 
even at a height of 1.60 meters. 
Air temperatures at old tobacco warehouses at 12:00 
At noon the temperature distribution in the area almost changes completely 
(Figure 18). The bottom part of the map presents higher temperatures in an odd 
manner and this cannot be explained. It could be caused by the simulation 
model due to the lateral boundary conditions that were used. The forced lateral 
boundary conditions were used for this simulation. In this condition the border 
values are copied from the one dimensional model. The air temperatures range 
from 33.8°C to 42.6°C and the step size is 0.89. Once again the highest air 
temperature is at the asphalt paved court. However it is worth pointing out the 
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air temperature raise in the area covered in natural materials. The concrete ba-
ses seem to have lower air temperatures than those in the vegetated area.  
Air temperatures at old tobacco warehouses at 15:00 
As in the case of the City Hall Square the state of the area at 15:00 is the same 
as the state of the area at noon with some minor changes (Figure 19). The odd 
distribution is present at this hour too. As explained above, it could be due to 
the lateral boundary conditions that were used. However the air temperatures 
do have small differences. The lowest temperature at this hour is 35.3°C unlike 
the air temperature of 33.8°C at noon. On the other hand though the highest 
temperature at this hour is lower than that at noon and is equal to 41.8°C. The 
step size of the temperatures in the map is 0.65.  
Air temperatures at old tobacco warehouses at 18:00 
Air temperatures start to decrease at his time as well as the range of the tem-
peratures (Figure 20). The minimum temperature noticed at this time is 32°C 
and the maximum is equal to 35°C and the step size is only 0.3. It is worth 
pointing out that the air temperatures of the concrete paved bases and the as-
phalt court are the same at this time of the day and are the highest in the area. 
However lower air temperatures are still observed at the gravel laid field. The 
lowest temperatures are noticed at the top right corner of the map, were the sur-
face material is sand and a number of trees are present. 
Air temperatures at old tobacco warehouses at 21:00 
At 21:00 all areas paved with artificial materials have higher air temperatures 
than those with natural materials (Figure 21). Even the gravel laid field has the 
same temperature as the concrete bases and the asphalt court. Nevertheless 
the temperature differences are small. The air temperatures range from 28.9°C 
to 31°C and the step size of the map is 0.21. But it must not be ignored that air 
temperatures at a height of 1.60 meters are being analysed and even a differ-
ence of 0.2°C is noteworthy. 
Observations 
The same pattern regarding the step sizes is observed here as in the case of 
the City Hall Square. The air temperature differences between the highest and 
lowest temperature at a specific time reduces as the day passes. The highest 
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value is noticed at noon, followed by the difference noticed at 15:00. The step 
size at noon is equal to 0.89 and 0.65 at 15:00. After that it reduces down to 
0.21 at 21:00. During the hottest hours of the day, namely noon and 15:00, the 
difference in air temperatures between the hottest and the coolest areas of the 
site are between 6.5°C and 8.1°C, significantly high values considering that air 
temperatures are compared at a 1.60 meter height.  
The results presented for the two hours, noon and 15:00, seem to be odd. The 
bottom part of the map, were the surface material is sand, seems to be warmer 
than the rest of the area which is not realistic. These unexplained results how-
ever could be a problem caused by some setting in the program. It could be an 
outcome of the lateral boundary conditions that are used.  
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      Figure 17: Air temperature at 1.60 meters at Old Tobacco Warehouses at 09:00 
 
      Figure 18: Air temperature at 1.60 meters at Old Tobacco Warehouses at 12:00 
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      Figure 19: Air temperature at 1.60 meters at Old Tobacco Warehouses at 15:00 
 
     Figure 20: Air temperature at 1.60 meters at Old Tobacco Warehouses at 18:00 
 
   79 
 
      Figure 21: Air temperature at 1.60 meters at Old Tobacco Warehouses at 21:00 
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6.2 Thermal comfort simulation 
It was selected to evaluate the thermal comfort of both areas at 19:00 since the 
questionnaires were conducted in that time frame. For the evaluation the ENVI-
met simulation model will be used and thus the PMV model.  
The PMV as mentioned in chapter 2 was defined by Fanger in 1972. This index 
evaluates thermal comfort on a nine point thermal scale. The model used in 
ENVI-met however is adapted to outdoor conditions, a model made by Jendritz-
ky. In this model a different scale is used. In [57] the scale is presented along 
with the calibration of the scale and sensation. The figures are presented in the 
following table (Table 11). 
Table 11: Jendritzky outdoor PMV model 
PMV Sensation Calibration 
> 2.5 Very hot  > 3,3  
1.5 ~ 2.5 Hot  1,3 ~ 3,3  
0.5 ~ 1.5 Warm  0,6 ~ 1,3  
-0.5 ~ 0.5 Comfortable  -0,9 ~ 0,6  
-1.5 ~ -0.5 Cool  -1,5 ~ -0,9  
-2.5 ~ -1.5 Cold  -3,5 ~ -1,5  
< -2.5 Very cold  <-3,5  
6.2.1 City Hall Square 
Notes 
The first five and last five grids on both the x and y axis should not be taken into 
account since they are not part of the model area as mentioned before. 
The PMV values range from 0.46 to 2.13. According to table 11 (Table 11), the-
se values correspond to a sensation ranging from comfortable to hot even when 
taking the calibrated values into account. However most of the area has PMV 
values are between 1.57 and 2.13 with the majority of the square having poor 
comfort conditions. The thermal sensation in the area could be characterized as 
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hot. The lowest values are observed in front of the City Hall, specifically on the 
stairs and green patches that exist there. After this value the “coolest” values 
are noticed at the water feature and the green area surrounding it followed by 
the second green area of the site. Unfortunately though the areas that offer 
thermal comfort to the urban dwellers are very limited and could be character-
ized as nonexistent. These details can be seen in the following map (Figure 22). 
 
      Figure 22: PMV values at 1.60 meters at City Hall Square at 19:00 on the 21/07/2011 
6.2.2 Old Tobacco Warehouses 
Notes 
The bottom left corner grids in the map with no vegetations or trees should not 
be taken into account since it is not part of the model area.  
The PMV value range for the second site on the second day is 0.97 to 2.03. Ac-
cording to table 11 (Table 11), these values correspond to the sensation of 
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warm to hot. When taking the calibrated values into account they correspond to 
the same sensation. The best thermal comfort sensation is noticed in the areas 
with natural surface materials. The asphalt court had the worst thermal comfort 
of the whole area followed by the other artificial surface materials in the area. 
The differences however are significant since there is a difference in the sensa-
tion. The best thermal comfort area is the top right area of the map. These de-
tails can be seen in the following map (Figure 23). 
 
Figure 23: PMV values at 1.60 meters at Old Tobacco Warehouses at 19:00 on the 21/07/2011 
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7 Discussion 
In this chapter the sensitivity analysis that has been conducted for the City Hall 
Square will be presented. This analysis is divided into two parts. In the first part 
the influence of the surface materials on the microclimate and thermal comfort 
conditions are examined. The materials of the area will be changed in the simu-
lation model and the simulation will be analysed again in order to see what in-
fluence these changes have. In the second part the green areas will be in-
creased in order to evaluate the influence it will have on the surrounding area. 
Finally improvement measures of the prevailing conditions will be proposed.  
7.1 Sensitivity Analysis of parameters influencing 
comfort conditions 
7.1.1 Scenario 1 – Cool coating 
With the use of the ENVI-met microclimatic model the materials of the City Hall 
Square were analysed regarding the impact they have on the surface tempera-
ture and the thermal comfort conditions. A simulation model was analysed after 
the surface material, namely the concrete tiles, was altered. It was assumed 
that the concrete paved area would be coated by a cool coating. It was as-
sumed that this coating would be of the same colour as the tiles, light grey. The 
albedo value of a cool coating of that colour is equal to 0.74 and the emissivity 
is equal to 0.85 according to [58]. The data used in the configuration file of this 
simulation model was the same as in the study of the prevailing conditions. 
The area after the improvement measure is compared to the prevailing condi-
tions at the two warmest hours of the day, 12:00 and 15:00. The temperatures 
in the centre of the square at these hours with the prevailing conditions and the 
temperatures at the same spot after the implementation of the improvement 
measure are compared. The figures are presented in table 12 (Table 12) and 
the result maps can be seen in figures 24 and 25 (Figure 24, Figure 25). 
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Table 12: Comparative analysis of air temperatures – Scenario 1 
Time 
Average temperature 
prevailing conditions 
Average temperature 
after cool coating 
Difference in average 
temperature 
12:00 37.22°C 36.09°C 1.13°C 
15:00 37.96°C 37.16°C 0.80°C 
From the maps it is observed that the distribution of the temperatures in the ar-
ea is the same as in the prevailing conditions. From the figures in the table 12 
(Table 12) it is noticed that at noon there is a decrease in the temperature equal 
to 3% and at 15:00 a 2.1% reduction in the temperature of the specific spot. 
Taking into account that this measure is implemented at the surface level, since 
there is a change in the surface material properties, and the temperatures stud-
ied are at a height of 1.60 meters these reductions are significant. 
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Figure 24: Air temperature at 1.60 meters at City Hall Square at 12:00 - Scenario 1 
 
Figure 25: Air temperature at 1.60 meters at City Hall Square at 15:00 - Scenario 1 
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7.1.2 Scenario 2 - Urban green 
It is evident that the old tobacco warehouses site, which had vegetation as a 
surface material had better thermal comfort conditions than the City Hall 
Square. Thus in the second scenario we assume that half of the City Hall 
Square is covered in grass. The grass was not put in one area but was distrib-
uted in front of the City Hall in 100 square meter blocks (10x10). The rest of the 
data used in the configuration file of this simulation model was the same as in 
the prevailing conditions study.  
The area after the improvement measure is compared to the prevailing condi-
tions at the two warmest hours of the day, 12:00 and 15:00. The temperatures 
in the centre of the square with the prevailing conditions and the temperatures 
at the same spot after the implementation of the improvement measure are 
compared. The figures are presented in table 13 (Table 13) and the result maps 
can be seen in figures 26 and 27 (Figure 26, Figure 27). 
Table 13: Comparative analysis of air temperatures – Scenario 2 
Time 
Average temperature 
prevailing conditions 
Average temperature  
with increased green 
Difference in average 
temperature 
12:00 37.22°C 36.36°C 0.86°C 
15:00 37.96°C 37.87°C 0.09°C 
It is observed that at 15:00 the differences between the temperatures are very 
small. However at noon the temperature difference at the same spot of the 
square is significant. It must be noted that the temperatures studied are at a 
height of 1.60 meters and the implementation of this measure takes place at the 
surface level since the properties of the surface materials are altered. Thus the 
difference of 2.3 % is noteworthy. It is also worth noticing that the distribution of 
the temperatures in the area is not different than in the prevailing conditions alt-
hough it is expected to be. The grass should have an impact on the temperature 
distribution in the area, at least in the close surrounding areas such as the pas-
sages between the grass blocks. Yet such an influence is not noticed. This sce-
nario is less promising than scenario 1. 
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Figure 26: Air temperature at 1.60 meters at City Hall Square at 12:00 - Scenario 2 
 
Figure 27: Air temperature at 1.60 meters at City Hall Square at 15:00 - Scenario 2 
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7.1.3 Scenario 3 – Cool coating and urban green 
Even though scenario 1 is promising on its own, it would be interesting to study 
a combination of the two above scenario. In scenario 3 it is assumed that half of 
the City Hall Square is covered in grass. The grass was not put in one area but 
was distributed in front of the City Hall in 100 square meter blocks (10x10) just 
as in scenario 2. The rest of the area is coated with a grey cool coating with an 
albedo value of 0.74 and the emissivity value equal to 0.85 according to [58], as 
in scenario 1. The rest of the data in the configuration file is the same as in the 
prevailing conditions study. 
The area after the improvement measures is compared to the prevailing condi-
tions at the two warmest hours of the day, 12:00 and 15:00. The temperatures 
in the centre of the square with the prevailing conditions and the temperatures 
at the same spot after the implementation of the improvement measures are 
compared. The figures are presented in table 14 (Table 14) and the result maps 
can be seen in figures 28 and 29 (Figure 28, Figure 29). 
Table 14: Comparative analysis of air temperatures – Scenario 3 
Time 
Average temperature 
prevailing conditions 
Average temperature  
with increased green 
Difference in average 
temperature 
12:00 37.22°C 36.04°C 1.92°C 
15:00 37.96°C 37.11°C 0.11°C 
Once again the temperatures are lower. In this scenario a maximum reduction 
in the temperature equal to 5.1% is observed at 12:00. This indeed is a satisfy-
ing reduction. However, the distribution of the temperatures in the area is un-
clear. Once again it is expected that the grass would impact the distribution of 
the temperatures in the area. Yet once again this difference is not present. 
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Figure 28: Air temperature at 1.60 meters at City Hall Square at 12:00 - Scenario 3 
 
Figure 29: Air temperature at 1.60 meters at City Hall Square at 15:00 - Scenario 3 
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7.2 Further proposals for improvement of prevailing 
conditions 
As it can be seen above, all scenarios have a positive influence on the air tem-
perature, some less than others. The best scenario out of the three is the third 
one. In scenario 3 the half of the City Hall Square is covered in grass and the 
rest is coated with a grey cool coating. 
However there are many other scenarios that could be implemented. The con-
crete tiles that pave the square at the moment could be replaced with more 
permeable materials. This could have a positive output. Once again the new, 
more permeable surface material could be combined with the increase in green 
areas for a larger impact. Apart from the placement of grass in the square, a 
good idea would be to increase the trees in the area. Trees not only are natural 
organisms that contribute to the reduction of air warming but also provide 
shade. However this measure will not reach its full potential immediately since 
trees take years to grow to their full size and thus have a significant impact on 
the environment.  
However, trees are not the only measure that could provide shading at the 
square. Shading structures could be placed in various areas of the square. This 
will protect the dwellers from solar radiation and thus improve the thermal com-
fort conditions. 
Another measure that seems to have an impact on the microclimate and the 
thermal comfort conditions in an area is the use of water features. Water fea-
tures cool the surrounding area through 
Nevertheless an important part of the selection of improvement measures is the 
financial aspect. This needs to be taken into account for a more solid and over-
all look at the issue. Finding the best solution is a matter of finding the fine line 
between the desired results and the economic feasibility of the measures.
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8 Conclusion 
8.1 Conclusive remarks 
The first part of this study aimed to evaluate the microclimate and thermal com-
fort conditions in the City Hall Square and the old tobacco warehouses in the 
Municipality of Kalamaria. The different nature of these two sites is the reason 
of this selection. The old tobacco warehouses site was used in order to com-
pare the thermal comfort conditions in the area with those of the concrete paved 
City Hall Square. The study concluded through the questionnaire process, as 
well as the simulation process, that the old tobacco warehouses site indeed has 
better thermal comfort conditions than the City Hall Square. 
Following, the prevailing conditions of the two sites were evaluated with the use 
of numerical simulation. The City Hall Square presented high temperatures 
throughout the day. The green areas in the square seem to influence the air 
temperatures slightly in the close surrounding area. But not major differences 
are noticed. This could be due to the fact that the size of the green areas is rela-
tively small compared to the size of the square. However it must be noted that 
the green area situated next to the City Hall has a concrete paved part in the 
middle. In reality this concrete part is shaded with a shading structure. In this 
version of ENVI-met however, shading structure cannot be modelled making the 
results inaccurate. It is also observed that as the hours pass the hot spots seem 
to move towards the left side of the map. There is no specific explanation for 
this. However it could be caused due to the wind flow. 
The results for the old tobacco warehouses were as expected. The natural ma-
terials presented a better thermal performance than the artificial materials in the 
area. However, the results presented for the two hours, noon and 15:00, seem 
to be odd. At the bottom part of the map (Figure 18, Figure 19), were the sur-
face material is sand, seems to be warmer than the rest of the area which is not 
realistic. These unexplained results however could be a problem caused by 
some setting in the program. It could be an outcome of the lateral boundary 
conditions that were used.  
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The second part of this study concentrated on the City Hall Square. Improve-
ment measures that could be implemented in the area were studied. A sensitivi-
ty analysis was conducted and three scenarios were studied.  
In scenario 1 the concrete tiles were coated with a grey cool coating. The re-
sults of this scenario were satisfactory and very promising. At noon the temper-
ature was reduced by 3% and at 15:00 by 2.1%.  
The second scenario involved the increase of the green areas in the square. 
Half of the square was covered in grass to see the impact it would have on the 
air temperatures. The grass was not placed in one area but was distributed in 
the square in blocks of 100 square meters (10x10). The differences in tempera-
ture at 15:00, when compared to the prevailing conditions was very small. At 
noon however a reduction of 2.3% was reached. 
A third scenario was also studied. In scenario 3 the previous two scenarios 
were combined. It was assumed that half of the square was covered in grass 
and the remaining areas were coated with a grey cool coating. Scenario 3 was 
found to a promising scenario, since a reduction of 5.1% was observed at 
12:00. 
However in scenario 2 and scenario 3 the distribution of the temperatures in the 
area is not altered. It is expected that the green areas that are added would in-
fluence the distribution of the temperatures. Nevertheless no alteration is ob-
served in these cases. This was also noticed with the areas in the prevailing 
conditions.  
However, it must be taken into account that ENVI-met V3.1 has a few limitations 
that influence the results of this area. Firstly the model can be used only for mi-
cro-scale modelling and the model times are limited. Additionally the only fea-
tures of the urban environment that can be designed in the model area are 
buildings, ground material such as soils and pavements and trees and vegeta-
tion. Shading structures for example cannot be created. It should be pointed out 
that the buildings in the model all have the same indoor temperature and no 
thermal mass along with the same albedo and thermal resistance for walls and 
roofs. These parameters cannot be different for individual buildings making the 
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model unrealistic which is a significant limitation. Furthermore water bodies are 
part of the soil profile and thus only still water can be analysed making it impos-
sible to add fountains to the model. 
By taking all the above into account it could be concluded that by changing the 
surface materials of an area, air temperature reductions can be accomplished. It 
must not be forgotten that in these scenarios the intervention happens on the 
surface materials and the reductions are noticed in the air temperatures at a 
height of 1.60 meters so even a slight change is noteworthy. From the sensitivi-
ty analysis that was conducted it is concluded that the use of cool coatings is a 
promising intervention for this specific area since there are significant reduc-
tions. The use of grass has a slightly smaller impact on the surrounding area. 
However if the use of grass is combined with the use of trees these reductions 
are expected to be much larger. The combination of the two scenarios however 
has a better result. In general all the studied interventions had a positive output. 
Concluding, the entire study stresses how important it is to upgrade the quality 
of outdoor spaces as it influences the quality of life in urban areas. The results 
clearly show that with the right interventions and the right combinations there is 
a great potential for the improvement of the microclimate and by extension the 
thermal comfort conditions in the City Hall Square, making it a small oasis in the 
midst of city life. 
Recommendations for further research 
For further research more improvement measures could be studied. A few ex-
amples of such measures are given in subchapter 7.2. Along with the additional 
measures an economic feasibility study could be implemented in order to eval-
uate which the best solution is by taking all aspects into account.  
Apart from further improvement measures the energy budget of the surrounding 
buildings and the urban canopy could be studied by analysing the temperatures 
of the surface materials or by analysing the temperatures at a higher height ac-
cording to the height of the surrounding buildings.  
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Appendix 1 
Glossary  
Albedo (a)  Or else solar reflectance is the diffuse 
reflectivity of a surface and is defined 
by the ratio of the reflected radiation 
from the surface to the incident radia-
tion upon it. It is measured on a scale 
of 0 to 1. 
Antropogenic heat       Heat released from human activities. 
Dry bulb temperature   The air temperature measured by a 
dry-bulb thermometer freely exposed 
to air but shielded from radiation and 
moisture. 
Emmisivity   Or emittance of a surface is a measure 
of how well a surface emits or releases 
heat. It is the ratio of energy emitted 
from a surface compared to a black 
body. It is measured on a scale of 0 to 
1. 
Evapotranspiration  Loss of water to the air due to com-
bined evaporation and transpiration. 
Impermeable surface   A surface through which water cannot 
penetrate. 
Infrared emittance (e)  Infrared emittance is a measure of the 
ability of a surface to release, ab-
sorbed heat. It specifies how well a 
surface radiates energy away from it-
self as compared with a black body 
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operating at the same temperature. In-
frared emittance is measured on a 
scale from 0 to 1. 
Latent heat   The heat required to change the state 
of water, e.g. from liquid to vapour, 
without change of temperature. 
Long-wave radiation    “Low temperature” radiation, e.g. heat 
radiation from building surfaces. 
Permeable pavement A pavement system that allows water 
to seep through the surface. 
Short-wave radiation   “High temperature” radiation emitted 
by the sun. 
Solar reflectance (SR)   see albedo.  
Solar reflectance index (SRI)   A way to evaluate the “coolness” of a 
material. SRI quantifies how hot a sur-
face would get relative to standard 
black and standard white surfaces 
Steady state  A steady state is a situation in which 
all state variables are constant in spite 
of ongoing processes that strive to 
change them. 
Thermal comfort   The situation in which a person feels 
satisfaction with the thermal environ-
ment and does not want to alter it in 
any way. 
Urban heat island (UHI)  Higher temperatures in urban areas 
than the surrounding rural areas. 
  -103- 
Urbanization   The growth of the urban population in 
a country. 
Wet bulb temperature  A type of temperature measurement 
that reflects the physical properties of 
a system with a mixture of a gas and a 
vapour, usually air and water vapour. It 
is the lowest temperature that can be 
reached by the evaporation of water 
only. It is an indication of the amount 
of moisture in the air. 
Phase change materials    Latent heat storage materials using 
chemical bonds to store and release 
heat. During daytime, the PCMs ab-
sorb part of the heat through the melt-
ing process and at night, the PCMs so-
lidify and release the stored heat. [use] 
Thermal conductivity (k)  The property of a material’s ability to 
conduct heat.       
Thermochromic coatings   Coatings which present a thermally 
reversible transformation of their mo-
lecular structure which causes a spec-
tral change of visible colour. 
Computational fluid dynamics (CFD)  A branch of fluid mechanics that uses 
numerical methods and algorithms to 
solve and analyse problems that in-
volve fluid flows. 
Heat transmission coefficient (u-value)  It calculates the heat transfer by con-
vection or phase change between a 
fluid and a solid. The SI units are 
W/(m2K). 
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Appendix 2 
Interview questionnaire 
Questionnaire No. …………….…….. –Date: …………....…………. -Site………..…. 
Climatic Data 
Ai temperature (°C)  
Surface temperature (°C)  
Relative humidity (%)  
Wind speed (ms-1)  
Solar radiation (Wm-2)  
 
Area information 
Type of area Paving materi-
al 
Paving colour Green spac-
es 
Food/Drink area    
Bench under canopy    
Square    
Public seating area    
Benches under trees    
 
Identity of individuals 
Age Male Female 
Child (under 12)   
Youngster (12 to 25)   
Adult (26 to 64)   
Elder (65 and older)   
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Usage 
Reason of visit 
Accompany child for play  
Meeting  
Passing through  
Walk  
Food/Drink  
Transport mean (e.g bicycle)  
Shopping  
Break from work  
Work  
Sports  
Cultural event  
Accompany adult  
Various reasons  
 
Time of use 
 Morning Noon Afternoon Night 
Weekday      
Weekend     
 
Thermal Comfort 
-1 Very cold  
-2 Cold  
 0 Neutral  
 1 Hot  
 2 Very hot  
 
 
 
